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Introduction  
 
Early detection of breast cancer and novel treatments further improves the survival 
rates of patients and will require novel strategies. Enhancing diagnostic specificity leads 
to a decreased need for biopsy and would be a major advance in breast cancer care. 
This application focuses on using lactate as a marker in breast cancer. The main 
objective of the proposal is developing and evaluating a more effective method of 
detecting lactate (Lac) non-invasively by magnetic resonance spectroscopy (MRS) 
techniques. Lac is present in very small quantities (milli moles) compared to lipid (Lip) 
(moles) and water and the signal of Lac occurs in the same position as Lip, thereby 
making it very difficult to be detected. Treatment of breast cancers with novel targeted 
agents such as Trastuzumab and Bevacizumab have led to significant gains, although 
the drugs can be toxic. Breast tumors are usually sensitive to many drugs but 
subsequently develop resistance. There is strong interest in applying drugs that 
interfere with angiogenesis and signaling pathways related to breast cancer growth and 
metastasis. Low extracellular pH and high Lac levels were shown to be indicators of 
metastatic risk in breast cancer xenografts. Elevated Lac in biopsy samples was shown 
to correlate with increased risk of metastasis and poor patient survival in different 
aggressive cancers, while a decrease Lac levels observed in tumor response to 
radiation and chemotherapy. Therefore, non-invasive measurement of Lac 
concentrations ([Lac]) may be an additional characteristic marker for breast cancer; it 
may improve diagnostic specificity, serve as an early marker of tumor response, and 
provide functional information about prognosis. 
 
 
Body  

 
During this award period, (I) we initially evaluated the SS-SelMQC (SELective Multiple 
Quantum coherence for signal enhancement using Spectral-Selective binomial 
radiofrequency pulses) [1] in breast tumors to ensure that it is superior with regards to 
signal to noise (SNR), uniformity of signal detection within the coil, and quality of 
suppression of the lipid and water signals. The Lac SNR obtained from this sequence 
was compared with the conventional SelMQC [2] and PRESS methods. We have 
developed SS-SelMQC sequence using higher order binomial pulses (SS1-SelMQC) [3] 
and T1-and T2-versions [4] of this sequence for T1 and T2 relaxation measurements to 
facilitate the lactate quantification. To detect lactate from mammary tumors with varying 
tumor volumes, various radiofrequency (RF) coils with high quality factors were 
designed and the homogeneity of these coils were tested using phantoms with known 
concentrations (Lac with without Gd-DTPA doping, and Lac/Lip solutions). Once the RF 
coils are optimized, signal to noise (SNR) between SelMQC and SS1-SelMQC 
sequence for detecting Lac signal was measured. (II) Subsequently we have completed 
MRS data collection for non-localized, 1D and 2D localized chemical shift images (CSI) 
and quantified the lactate concentrations in breast tumor models to evaluate the utility of 
[Lac] to predict tumor aggressiveness. A method was developed to extract texture 
features from MR images to evaluate incremental predictive nature of separating tumors 
with different aggressiveness. (III) Finally as part of our research design, we treated all 
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Figure 1. Growth curves of four human breast tumor 
cell lines injected into mammary fat pad (m.f.p) in nude 
mice. Tumor cells (5x106 cells) were injected into the 
m.f.p and tumor growth was measured upto 7-12 
weeks. Tumor growth was significantly different in all 
four tumor models (p < 0.001). 

tumors to determine if Lac is a marker of sensitivity to novel targeted drugs and 
compared breast mammary tumors that are sensitive and resistant to Herceptin and 
Bevacizumab and changes that occur early in the course of treatment. For tumor 
treatment, we used tumors at volumes between 140-200 mm3 where highest lactate 
concentrations were observed. The texture features from T2-MR images were also 
evaluated pre and post treatment.  

Methods and Materials 

All MR imaging and spectroscopy experiments were performed on a 4.7 T Bruker 
horizontal bore system (Bruker BioSpin; Bruker, Billerica, MA) running ParaVision 4.0 
software.   
 
Phantoms: Prior to actual animal MR imaging and spectroscopy scans, the sensitivity of 
pulse sequence and coil homogeneity were tested using cylindrical phantoms (10mm 
and 15mm diameter) with 5, 15 and 30 mM lactate/ saline doped with and without 25 
μΜ Gd-DPTA solutions. For Lac/Lip phantoms, 10% intralipid, (Baxter Healthcare 
Corporation) was mixed with three different concentration solution viz, 5, 15 and 30 mM 
separately to facilitate the single compartment for both lipid and lactate to demonstrate 
the non-localized Lac detection with water and lipid suppression. The data from these 
scans were used as a standard reference for quantification of lactate concentrations in 
animals. 
Animal studies: These studies 
were conducted in compliance 
with protocols approved by the 
animal care protocols in 
Memorial Sloan-Kettering 
Cancer Center. Cancer cells 
(MCF-7, BT-474, MDA-MB-231 
and MDA-MB-435) were 
purchased from American 
Type Culture Collection 
(ATCC, Manassas, VA, US).  
Five million cells were injected 
into the inguinal mammary fat 
pad (MFP) of anaesthetized 
mice. 4-6-week-old female 
athymic nu/nu mice (Animal 
Production Area of the NCI-
Frederick Cancer Research 
Facility, Frederick, MD). Mice 
were allowed to acclimatize 
and mature for 2 weeks before 
implantation of tumor cells. 
Two days prior to implantation of MCF-7 and BT-474 tumors (estrogen positive), 
estrogen pellets containing 0.72 mg of estrogen (IRA, Toledo, OH) were inserted into 
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the subcutaneous fat in the hips of animals that were about to receive these tumors.  
Mice were monitored twice weekly for tumor growth. Tumor growth became evident on 
visual inspection about 10 days after implantation into the MFP and its volume (whole) 
was measured using a digital caliper using a hemi-ellipsoid formula V = (π/6) × l × b × h, 
where l, b and h are the length, width and depth of the tumor, respectively. Only one 
person measured all the tumors in the experiments to prevent observation differences, 
since measurements by more than one person can lead to different results. The tumor 
was measured once in three days. (Figure 1). Once the tumors reached the volume of 
approximately 100-150 mm3, they were studied with MR imaging and spectroscopy.  
MR Imaging and Lactate MR spectroscopy: Mice were anesthetized with a mixture of 
50%:50% between isoflurane (1.5-2%) and oxygen and placed inside a home-built MR 
animal holder. The respiration and temperature were monitored using an MR 
compatible small animal monitoring and gating system (SA Instruments Inc, Stony 
Brook, NY).  The tumor was placed inside a 2 turn home built 10-11 mm (upto 300 mm3 

) and 15-16 mm ( > 300 mm3)  diameter tuned RF coil.  Temperature was maintained at 
37°C by blowing warm air 
through the bore of the magnet.  
Tumor bearing mice were 
typically studied 3-4 times. The 
Bruker ParaVision Tripilot pulse 
sequence was used to create 
three perpendicular images (FOV 
= 20 mm) as scout images for 
positioning of the animal tumor 
within the coil to ensure that the 
tumor was in the center of the 
magnet.  Using these Tripilot 
scout images, T2-weighted MR 
sagittal images with a 5 mm 
thickness and five 1 mm slices, 
using a Multi Slice Multi Echo 
(MSME) sequence repetition time 
(TR) = 2250 ms; echo time (TE) = 
52 ms; 256  × 256 matrix, echo 
train length (ETL) 8 number of 
excitations (NEX) = 1; field of 
view (FOV) = 20 mm were 
obtained from the tumor located 
at isocenter.  Total MR image 
acquisition including shimming 
took about 12 minutes. T2 MR 
image with 5 mm slice thickness 
was used as scout image for 
preparing the spectroscopy scan. The observed line width of lactate at FWHM for 
phantoms was between 20-25 Hz and for animal studies between 30-50Hz.   

 
Figure 2. Theoretical inversion (top) and excitation (bottom) 
following 1331 (solid) and 11 pulse sequence for spectral 
selection for (B), as a function of chemical shift.   Inversion 
profile shows the inversion of -2.8 ppm resonances with 0 
ppm at equilibrium.  In these simulations, the Lac CH peak 
was referenced to ‘0’ ppm and hence Lac CH3 will appear 
at ‘2.8’ ppm on the chemical shift.  RF pulse parameters 
and interpulse durations were chosen to match the 
experimental conditions given in the text.   
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Non-localized lactate signal was obtained using a modified SS-SelMQC sequence [1] 
with the higher order binomial bp1, bp2 and bp3 for spectral selection (SS1-SelMQC)[3] 
for inversion and excitation (Figure  2); bp1= [(π/16)-x - ∆1 - (3π/16)x - ∆1 - (3π/16)-x) - ∆1 
- (π/16)x] , bp2=[(π/16)x - ∆1 - (3π/16)x - ∆1 - (3π/16)x ) - ∆1- (π/16)x], and bp3= [(π/8)-x - 
∆2 - (3π/8)x  - ∆2- (3π/8)-x - ∆2 - (π/8)x].  Width of each pulse within bp1 and bp2 is 200 
us and bp3 is 400us three-lobe sinc shaped pulses with their phases set to 0 (x) or 180 
(-x). Number of scans are 16 with a repetition time (TR) of 3 s and spectral width of 12.5 
ppm. Due to RF finite pulse widths within the binomial pulse blocks, ∆1 and ∆2 values 
were adjusted to include the chemical shift evolution starting from the center of the first 
pulse to the center of the second pulse.  In the binomial spectral-selective pulses, we 
chose to use broad band sinc shaped RF pulses. Multiple quantum selection gradients 
are with duration δ1 = δ2 = δ3 =2 ms.  Transmitter is set at CH frequency of Lac and the 
ZQ →DQ coherence transfer pathway is selected with the Gsel gradients in a ratio of 0:-
1:2; Other MR acquisition parameters are similar to SS-SelMQC [1].  
 
For absolute quantification of lactate in vivo tumors, we calculated the relaxation 
correction factors by modifying the SS1-SelMQC sequence using additional inversion 
pulses (2ms Mao4 shaped pulse for T1 measurement and 10ms single lobe Sinc for T2 
measurement). Non localized lactate spectra were obtained with 16 transients for T1 by 
varying the inversion time (TI) and 32 transients for T2 measurements. For T2 
measurements, repetition time (TR) = 10s used. In vivo measurements of T1 and T2 of 
Lac were performed on several mice from each tumor line. In 3-4 mice per group and 
few measurements were repeated on same mice at different tumor volumes to estimate 
the repeatability of the measurement and to track the changes in the T1 and T2 values 
with the tumor growth.  
 
Data Processing 
T1 and T2 Measurements: The relaxation times, T1 and T2, were measured using 
modified T1-SS1-SelMQC and T2-SS1-SelMQC sequences developed during this 
project [4]. The integral values of lacate peak were calculated using XWINNMR 
(BRUKER) were used for the T1 and T2 calculation. The T1 was calculated using S= S0 
(1-2 exp (-TI/T

1
)) –S0, where S is Signal intensity at variable inversion delay (TI) and T1 is 

spin-lattice relaxation time. The T2-relaxation delay was calculated using S= S0 exp(-

TR/TE’), where TR is recycle delay and TE’ is echo time.  The Matlab was used to fit the 
curve. 
 
Lactate data quantification: 
Absolute concentrations of Lac metabolite from MR data using multiple quantum editing 
can be calculated using two methods. These include the external reference 
quantification method, which uses an external standard with the known concentration 
and internal reference method which uses water as a reference. We found similar 
concentrations in phantoms using both methods as expected. As the water CSI scan 
takes extra 10 minutes of scan time and involves careful adjustment of receiver gain in 
some tumors, we decided to use the external standard or substitution method. This 
method requires careful measurements of the relative power each time one acquires 
data and comparing the power required for different pulses when the subject 
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Figure. 3: Lactate peak fitting from 2D chemical shift image for 
quantification: peak area under peak (top left), peak maximum (top right), 
peak position (bottom left), and fit error (bottom right). Low fit error shows 
the estimate of quantification accuracy. 
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(experimental mice) is in place, vs that required when a phantom (whose quantitation is 
accurately known) is in place.  
 
1D data: Time domain spin echo lactate 1D data were imported to the PC and were 
processed using home-built program written in Matlab. This data was Fourier 
transformed using 2 Hz exponential and 1.5 Hz Gaussian filtering. After calculating the 
power spectrum, lactate peaks were fitted with a Gaussian function. The area under the 
lactate peak was calculated and the lactate concentration was computed using phantom 
substitution method using an external standard with the known concentration. The 
accuracy of lactate 
quantification of was 
verified using one 
phantom (30 mM) as 
the object of interest 
and the other 
phantom (15 mM) as 
the reference. The 
mean measured 
lactate concentration 
was within 4% of the 
nominal 
concentration. In vivo 
lactate concentration 
was calculated 
similarly. The 
concentration of in 
vivo tumor lactate, C, 
can be calculated 
from the phantom 
solution of known 
lactate concentration 
Cref as: 

refTT
ref

A
AfCC ××=

21 ,                                               

where A and Aref are the measured areas under the fitted peaks in tumor and in the 
reference phantom, respectively. The correction factor for T1 and T2 differences 
between phantom and in vivo data is: 

 
( )[ ]
( )[ ]vivo
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phantomvivo
TT TTR

TTR
TT

TEf
1

1

22
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exp111exp
21 −−

−−
×

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






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







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2D data: 2D CSI data were imported into 3DiCSI and superimposed onto T2 images. 
Voxel spectra were then exported in ASCII format and lactate peaks were fitted with a 
Gaussian function in Matlab. The area under the lactate peak was calculated and the 
lactate concentration was computed voxel-by-voxel using phantom substitution method 
(Figure 3).  
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Statistical analysis was performed using SPSS (SPSS 10.0, SPSS, Chicago, IL). 
A repeated-measures analysis of variance (ANOVA) was used to test difference in 
tumor growth between different mouse models. [Lac], T1 and T2 values were compared 
between groups of slow growing and fast growing, HER2 positive and HER2 negative, 
triple negative tumors and rest of tumors. The mean and standard deviations of lactate 
concentrations, T1, and T2 values for each tumor cell line were compared using t-test. 
Lactate concentrations were compared between pre and post treatment. 

 
Image feature extraction from 2D T2 images: 
Image software for segmentation: Prior to the extraction of features from T2-weighted 
images, for the segmentation of tumor, we used a useful software package called MIJ 
(http://bigwww.epfl.ch/sage/soft/mij/) that enables to link between ImageJ/Fiji and 
Matlab. From the segmented tumor image obtained using ImageJ, we extracted image 
features.  
Image features: For analysis of mice model data, we extracted the lactate concentration 
for a tumor slice and whole tumor from MR spectroscopy data. Also, the volume of 
tumor slice and whole tumor volume were extracted. In addition, we extracted statistical 
features including kurtosis and skewness and image texture features including contrast, 
correlation, energy, homogeneity, and entropy. From a co-occurrence matrix created 
based on raw image intensity values, five texture features were computed, which are 
defined as follows:  
 

1) Contrast: ∑ |𝑖 − 𝑗|2𝑝(𝑖, 𝑗)𝑖,𝑗  

2) Correlation: ∑ 𝑖𝑗𝑝(𝑖,𝑗)−𝜇𝑥𝜇𝑦
𝜎𝑥𝜎𝑦𝑖,𝑗  

where 𝜇𝑥, 𝜇𝑦 and 𝜎𝑥,𝜎𝑦 denote the mean and standard deviations of the row and 
column sums of the matrix, respectively. 

3) Energy: ∑ 𝑝(𝑖, 𝑗)2𝑖,𝑗  
4) Homogeneity: ∑ 𝑝(𝑖,𝑗)

1+|𝑖−𝑗|𝑖,𝑗  
5) Entropy: −∑ 𝑝(𝑖, 𝑗)𝑖,𝑗 log2[𝑝(𝑖, 𝑗)]. 

 
Classification of mice models: For classification of mice models, we employed linear 
discriminant analysis (LDA) and logistic regression approaches. Linear discriminant 
analysis (LDA) is a traditional statisitcal method based on feature reduction. We used 
LDA for multiclass classification of different mice models. The classifical LDA faces a 
problem known as singularity where the number of features is much larger than the 
number of samples. However, in our problem, since the number of samples is larger 
than the number of features, we simply employed the classfical LDA. Logistic regression 
is widely used for statistical analysis of binary data. In this study, we dichotomized the 
data into two groups: group 1 (MCF7+BT474) (fast growing, non-triple negative) versus 
group 2 (MDA213+MDA435) (slow growing, triple negative). The formula for logistic 
regression is   

𝑝 =
1

1 + exp (−Y)
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Figure 4: 2D CSI of 30mMol Lactate/lipid (a)SS-SelMQC (b) SS1-SelMQC 
sequence for in plane resolution of 1.25x1.25 mm2 at 4.7T using 
FOV=20mm slice thickness is 5mm, TR=2s Number of scans=8 and 
acquisition time= 76 minutes. Better lipid suppression at outer layer of tumor 
is noted. 
 

(a) (b) 

where Y takes the form of linear regression. In this analysis, group 1 and group 2 were 
coded as 0 and 1, respectively. 
 
Results:  

Lac spectroscopic studies were carried out using MCF-7(0-800 mm3), MDA-MB-231(0-
600 mm3), MDA-MB-435 (0-650 mm3), BT-474 (0-900 mm3) mammary tumors with 
different molecular profiles (Table 1). We collected non-localized Lac signal from 1D 
and slice localized 1D and 
2D chemical shift imaging 
data.  
We implemented the SS-
SelMQC using higher order 
binomial pulses (SS1-
SelMQC) as described in 
methods for lactate 
detection with better Lip 
suppression and compared 
with SS-SelMQC [1] 
(Figure 4). The lactate signal enhancement was consistent wrt SelMQC [2] sequence. 
Subsequently, T1- 
and T2-versions of 
this sequence for T1 
and T2 
measurements to 
facilitate absolute Lac 
quantification.   
 
Lactate detection in 
4T1 mice tumors and 
its relation to LDH-A 
levels and metastatic 
potential: Lactate 
detection and 
quantification 
methods were also 
implemented for 
studying mice breast 
tumor cell lines such 
as 4T1 and 67NR. 
This work demonstrated lactate as a biomarker for tumor aggressiveness in fast 
growing 4T1 mice breast tumors compared to 67NR [5]. Lactate concentrations were 
related to LDH-A levels and they were increased when associated with metastasis [5]. 
We observed reduction in lactate levels by knocking down the LDH-A pathways in 4T1 
breast tumors [6].  
 
 

Table 1. Molecular classification of breast tumors 
Cell line Immunoprofile 
MCF7 ER+,PR+,HER2- 

BT-474 ER+,PR+,HER2+  
MDA-MB-231 ER-,PR-,HER2-  
MDA-MB-435 ER-,PR-,HER2-  

ER, estrogen receptor; PR, progesterone receptor; HER2, human 
epidermal growth factor receptor 2; ER/PR/HER2 status were 
mentioned according to the histopathology reports with the 
published literature. 
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Figure 5. In vivo Lac spectra of  MCF-7 tumor 
with slice thickness is 5mm at various tumor 
volume (a) 150 mm3, (b) =330 mm3 and (c) =750 
mm3; TR=3s; Number of scans=16 and acquisition 
time= 48 minutes. 

                              

 

 
 
Figure 6. A representative MCF tumor with volume of 300 mm3 
in-vivo Lac spectra: In vivo (MCF-7 tumor) Lac signal recovery 
of T1-SS-SelMQC with variable inversion time  0.1, 0.2, 0.4, 
0.6, 0.8, 1.0, 1.5, 2, 4, 6, 8 and 10s. (Top). In vivo (MCF-7 
tumor) Lac signal decay T2-SS-SelMQC with 2*TE′(0.08 to 
0.42s) with 0.02 s increments (Bottom). The calculated T1 1.6 s 
and T2 0.16 s. 

 
In our attempt to study the 
relation between Lac signal and 
the tumor aggressiveness, we 
calculated [Lac] in all four 
mammary tumor models (Table. 
1). A representative stacked plot 
of slice-localized lactate signal in 
MCF7 tumors as a function of 
increasing tumor volumes 
(Figure 5) was shown. 
 
Using T1- and T2- versions of 
SS1-SelMQC pulse sequence, 
T1 and T2 values were 
calculated for in vivo MCF, BT-
474, MDA231 and MDA435 
breast tumors. A representative 
stacked plot of T1 and T2 decay 
of lactate signal was shown 
(Figure 6). We found no 
significant correlation of T1 

values in tumors 
with different 
expression levels of 
ER, PR and HER2 
levels (Figure 7). 
T2 values are 
significantly lower in 
triple negative 
tumors compared 
with other tumors. 
These factors lead 
to correction factors 
in calculating 
lactate 
concentrations. For 
quantification of 
lactate 1D and 2D 
data sets, external 
spherical phantom 
with 15 mM lactate 
solution was used 
as a reference.  
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Figure  7. Comparison of T1 (A) and T2 (B) values in breast mammary tumors with different 
growth rates and protein expression levels. T1 and T2 values are defined as (mean ± 
standard deviation); MCF-7, BT-474, MDA-231 and MDA-435 tumors were classified into 
HER2 Pos, HER2 Neg, ER/PR Pos, ER/PR Neg, Triple negative (TN), and Triple positive 
(TP) groups. No significant differences were observed in T1 values between any two 
groups (P < 0.05).  *Significant differences in T2 were observed between ER/PR pos 
versus ER/PR neg groups (p = 0.02), TN versus TP (p = 0.0667), and HER2 pos versus 
HER2 neg (p = 0.2398). 

 
 
 
 
 
 
 
 
 

We calculated concentrations from 1D signal using external reference phantom of 
15mM lactate. For 2D 
data sets, lactate 
concentrations were 
estimated, which are 
similar to 1D slice Lac 
concentrations and 
histology correlation was 
done. For all tumor 
models, lactate 
concentrations [Lac] 
were calculated using 
external reference 
method. The [Lac] in 
MCF-7, BT-474, MDA-
MB-231 and MDA-MB-
435 tumors were 
measured with respect 
to tumor volume 
(Figure. 8). This work is 
under submission to 
magnetic resonance in 
medicine. 
 
 

 
 
Figure 8: [Lac] with increasing tumor volumes. 
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Figure 9A. Lactate area under the peak plotted as color map with increasing tumor 
volumes in BT-474 tumors shown by grey T2 images. Area under the peak will be 
converted into millimole concentrations using external reference data. Tumor 
volumes: (left) 200 mm3 (middle) 450 mm3 (right) 718mm3.  

Representative 2D lactate color maps overlaid on T2 images were generated for BT-
474 tumor at three different tumor volumes (Figure 9A). Combined with the histology 
correlations (Figure. 9B) and texture features from T2 images (Table 2), results are 
finalized and in the process of submission.  

 

 
 
Table 2. Texture features of BT-474 
tumors as a function of tumor volume. 

 
 

 
 
Figure 9B.  In vivo T1-weighted/lactate MRS imaging (left) and 
ex vivo H&E histologic staining with superimposed LDH-A 
immunostaining (red) from the same xenograft tumor (right).  
Orientation of tumor sections was maintained with respect to 
MRI imaging using angiocatheters inserted post-imaging as 
fiduciary markers. LDH-A immunostaining and imaging was 
carried out using 10mm frozen tumor sections. Subsequent 
H&E staining was preformed using the same section. Regions 
of LDH-A expression show a general correspondence with 
regions of high lactate concentration (e.g. lower right quadrant), 
and is absent from regions of  low tumor  lactate (e.g upper left 
quadrant).  An exact spatial correspondence is not expected 
due to large differences in the respective resolution of each 
method (5mm MRS vs 10mm IHC). However, the data shown is 
consistent with there being a spatial relationship between LDH-
A expression and elevated levels of lactate within the tumor. 
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In LDA analysis, we tested three scenarios with the different number of groups using 
leave-one-out cross-validation (LOOCV): four groups (MCF7 vs BT474 vs MDA213 vs 
MDA435), three groups (MCF7 vs BT474 vs [MDA213+MDA435]), and two groups 
([MCF7+BT474] vs [MDA213+MDA435]). Note that MDA213 and MDA435 are triple 
negative models. The following three tables show the results of classification for four, 
three, and two groups. In the case of classification with triple-negative and non-triple-
negative, considerable accuracy was obtained with 77.3%. 
 
Four groups 
 

 
MCF7 BT474 MDA231 MDA435 

MCF7 6 11 0 8 
BT474 5 6 0 6 

MDA231 0 0 9 7 
MDA435 1 3 4 22 

 
Three groups 
 

 
MCF7 

BT-
474 MDA231+MDA435 

MCF7 8 11 6 
BT-474 5 6 6 

MDA231+ MDA435 3 5 38 
 
Two groups 
 

 
MCF7+BT474 MDA231+MDA435 

MCF7+BT474 28 14 
MDA231+MDA435 6 40 

 
In analysis using logistic 
regression, we used the loocv 
approach to find the best model. 
The following graph shows 
Spearman’s correlation 
coefficient (Rs) for different 
model orders (Figure 10). Here 
the model order represents the 
number of model features 
(degree of complexity of the 
model). The graph represents 
that the best model has three 
features. 
 

Figure 10 
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Figure 11. 2D chemical shift imaging 
lactate spectra from 5mm sagittal slice 
within MDA-435 tumor (tumor volume= 
160 mm3) as a function of Avastin 
treatment- 0th day (left) and 2nd day (right). 
Reduction in the lactate levels are visible 
at the 2nd day of the treatment. 

Once we found the best model, we applied it to our dataset. The following logistic 
regression model with three features including Tumor Slice [Lac], Tumor Whole Volume, 
and Homogeneity was found to be the best model: 
 
Y=−0.243 × Tumor Slice  [Lac] – 0.0104 × Tumor Whole Volume + 78 x Homogeneity – 
66.4. 
 
This model shows significant predictive power with Rs=0.67 (p < 0.0001) and area 
under the receiver operating characteristic (ROC) curve (AUC) = 0.89.  
To investigate the predictive power without using texture features, we built another 
logistic regression model using only Tumor Slice  [Lac] and Tumor Whole Volume. We 
achieved Rs=0.54 (p < 0.0001) and AUC = 0.812 with the following logistic regression 
model: 
 
Y=−0.257 × Tumor Slice [Lac] – 0.0055 × Tumor Whole Volume + 4.61. 
 
In comparison of two models found 
above, it is obvious that there was 
great performance improvement 
using the homogeneity feature, 
especially in Rs.  
 
Treatment: We have treated the 
breast tumors with targeted drugs.  
From the control data it is visible 
that lactate concentrations are high 
within tumor volumes of 150-200 
mm3. So we started treating the 
mice at this tumor volume. 
Representative data on MDA-435 
tumors treatment with Avastin 
demonstrated that lactate levels 
were decreased at the 2nd day of 
treatment with no visible reduction 
in the tumor volume (Figure 11). 
Results demonstrate that lactate 
can be an early biomarker in 
treatment. Similar effect was observed in MDA-231 tumors with Avastin treatment 
(Figure 12). At 2nd day after the treatment, lactate levels were decreased with no visible 
reduction in the tumor volume. In MCF7 tumors, we did not observe any significant 
effect as a function of Herceptin or Avastin treatments. 
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 Figure 12. Lactate (Lac) concentrations (TOP PANEL) and tumor volumes 
(BOTTOM PANEL) in MDA-MB-231 tumors as a function of Avastin treatment at 
0th, 2nd, 7th, and 14th day (TOP PANEL).  

We did the analysis for tumor tissue histology pre- and post treatments. We are in the 
process of presenting this work for NMR in biomedicine to describe the correlation of 
the 2D lactate voxel-by-voxel maps and texture features to explain tumor heterogeneity 
and treatment response. 
 
KEY RESEARCH ACCOMPLISHMENTS:  
 

1. SS-SelMQC with 1331 binomial pulses was developed for efficient Lac detection 
in the presence of frequency shifts. T1- and T2- versions were designed to derive 
the relaxation correction factors. 
 

2. [Lac] can be used as a marker to differentiate slow growing from fast growing 
breast tumors. Lactate concentrations are low in slow growing tumors and high in 
fast growing tumors. 

  
3. T2 may act as a marker for differentiation of these triple negative aggressive 

tumors. T2 relaxation constant was shorter in triple negative tumors compared 
with rest of tumors.  

4. We have developed predictive models using novel image features and tested our 
predictive models with them extracted from MR, PET, and CT images. Texture 
features have added predictive power to classify these tumors (triple-negative 
versus non-triple negative). 
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5. [Lac] seems to be an early marker for studying treatment response. Treatment 
response was detected within 48 hours of treatment. 

 
 
REPORTABLE OUTCOMES:  
 

1. Serganova I, Rizwan A, Ni X, Thakur SB, Vider J, Russell J, Blasberg R, 
Koutcher JA. Metabolic Imaging: A link between Lactate Dehydrogenase A, 
Lactate and Tumor Phenotype. Clin Cancer Res 2011; 17:6250-6261. 
(APPENDIX 1)   

2. Annarao S, Thomas K, Pillarsetty N, Koutcher JA and Thakur SB. In vivo lactate 
T1 and T2 relaxation measurements in ER-positive breast tumors using SS1-
SelMQC editing sequence, ISMRM 20th Scientific Meeting & Exhibition, 2012, 
Melbourne, Australia. (APPENDIX 2) 

3. Annarao S, and Thakur SB, ‘Quantification of lactate concentrations in orthotopic 
breast tumors with different growth rates’, ISMRM 20th Scientific Meeting & 
Exhibition, 2012, Melbourne, Australia. (APPENDIX 3) 

4. Rizwan A , Serganova I , Khanin R , Karabeber H, Ni X, Thakur SB, Zakian KL , 
Blasberg RG, Koutcher JA. Relationships between LDH-A, Lactate and 
Metastases in 4T1 Breast Tumors. Clin Cancer Res 2013; 19:5158-5169. 
(APPENDIX 4) 

5. Measurement of Lactate Concentrations in the Breast Mammary Tumors Using 
Selective Multiple Quantum Coherence Editing Sequence at 4.7T (In the process 
of submission) 

 
CONCLUSION:  

Lactate concentrations are high at low tumor volumes and decreases as increasing 
tumor volumes in all tumor models. The classification of two groups (triple-negative vs 
non-triple negative) showed great predictive power using LDA and logistic regression. 
When these tumors were treated with targeted drugs, [Lac] was shown to be an early 
marker and predicted the treatment response within 48 hours following the treatment. 
These results may help in understanding the tumor aggressiveness and its relation to 
LDH-A expression levels in these tumors. Additionally, monotherapy treatment results in 
our mammary tumors will help to explore the treatment response using combinational 
therapy in breast cancer patients.  
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Imaging, Diagnosis, Prognosis

Metabolic Imaging: A Link between Lactate Dehydrogenase
A, Lactate, and Tumor Phenotype

Inna Serganova1, Asif Rizwan2, Xiaohui Ni2, Sunitha B. Thakur2,3, Jelena Vider1, James Russell2,
Ronald Blasberg1,3,5, and Jason A. Koutcher2,3,4,5

Abstract
Purpose: We compared the metabolic profiles and the association between LDH-A expression and

lactate production in two isogenic murine breast cancer cell lines and tumors (67NR and 4T1). These cell

lines were derived from a single mammary tumor and have different growth and metabolic phenotypes.

Experimental Design: LDH-A expression, lactate concentration, glucose utilization, and oxygen

consumption were measured in cells, and the potential relationship between tumor lactate levels

[measured bymagnetic resonance spectroscopic imaging (MRSI)] and tumor glucose utilization [measured

by [18F]2-deoxy-2-fluoro-D-glucose positron emission tomography ([18F]FDG-PET)] was assessed in

orthotopic breast tumors derived from these cell lines.

Results: We show a substantial difference in LDH-A expression between 67NR and 4T1 cells under

normoxia and hypoxia. We also show that small orthotopic 4T1 tumors generate 10-fold more lactate than

corresponding 67NR tumors. The high lactate levels in small primary 4T1 tumors are associated with

intense pimonidazole staining (a hypoxia indicator). Less-intense hypoxia staining was observed in the

larger 67NR tumors and is consistent with the gradual increase and plateau of lactate concentration in

enlarging 67NR tumors.

Conclusions: Lactate-MRSI has a greater dynamic range than [18F]FDG-PET andmay be amore sensitive

measure with which to evaluate the aggressive and metastatic potential of primary breast tumors. Clin

Cancer Res; 17(19); 6250–61. �2011 AACR.

Introduction

Metabolic changes in primary tumors have a significant
impact on tumor progression and on the development of
the metastatic phenotype (1, 2). The accumulation of
lactate in tumor cells was first described by Warburg and
is associated with aerobic glycolysis (3). Clinical studies
showed that high lactate levels (with median concentra-
tions >8 mmol/L) are associated with the subsequent
development of metastases (4) and include primary cervi-
cal, head and neck, and rectal cancers (5–7). The recent
coupling between metabolic and genetic variations in
cancer cells has stimulated renewed interest in the role

of cellular metabolism (2, 8, 9). In cancer patients, serum
total lactate dehydrogenase (LDH) levels are often in-
creased, and the gene for LDH-A protein is often upregu-
lated in tumors (10, 11). These features have been linked to
poor prognosis (11–15), and a greater metastatic potential
has been reported in patients with high LDH serum levels
(11, 14). Because LDH-A protein is required for the main-
tenance and progression of many tumors (10, 16), it is also
becoming a potential target for cancer therapy (16–18).
Many cancers, particularly those originating in the breast
and ovary, are highly heterogeneous, representing a large
array of diseases with different etiologies (19) and with
distinct genetic and phenotypic signatures (20). The met-
abolic response of individual tumor cells within a tumor is
dependent on the environmental conditions (nutrient de-
pletion, hypoxia, acidity, specific stromal cell components,
etc.) encountered within the local tumor microenviron-
ment, as well as specific oncogenic and/or tumor suppres-
sor mutations of the tumor cell itself (9).

We investigated the relationship between LDH-A expres-
sion and lactate production in 2 isogenic breast cancer lines
(67NR and 4T1). These 2 cell lines were derived from a
single mammary tumor that developed spontaneously in a
BALB/c mouse. Each subclone was shown to have different
phenotypic properties (21–23). 67NR cells form primary
tumors but do not metastasize. 4T1 cells are able to
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complete all steps leading to distant metastases and effi-
ciently form macroscopic nodules in the lung (21) and
other organs (22, 24). We have shown a substantial var-
iation in LDH-A expression between these 2 cell lines under
normoxia and hypoxia that reflect LDH enzyme activity
and lactate concentrations in tumors. Consistent with other
reports (25, 26), only minor changes in LDH-B expression
were observed. We also studied the potential correlation
between glucose utilization, as measured by [18F]2-deoxy-
2-fluoro-D-glucose uptake and positron emission tomog-
raphy ([18F]FDG-PET), and lactate production, as mea-
sured by magnetic resonance spectroscopic imaging
(MRSI), in growing orthotopic tumors.
We consider LDH to be a critical branch point in me-

tabolism. It is involved in the metabolism of the 2 major
nutrients, glucose and glutamine, as well as in determining
tumor pH and the activity of the tricarboxylic acid (TCA)
cycle (27). We hypothesized that tumor lactate levels
monitored by MRSI will reflect LDH-A enzymatic activity
and tumor phenotype. We show that lactate-MRSI mea-
surements have a greater dynamic range than concurrent
[18F]FDG-PETmeasurements. We suggest that lactate-MRSI
is a more sensitive measure than [18F]FDG-PET and could
be used in the clinic to evaluate the aggressive potential of
primary breast tumors, as this imaging technology has been
applied in human tumors.

Materials and Methods

Cell culture and growth
Two isogenic tumorigenic cell lines (67NR and 4T1),

derived from a spontaneous breast tumor in a BALB/c
mouse (provided by Fred Miller; Karmanos Cancer
Institute, Detroit, MI), were studied. Cells were grown
in complete Dulbecco’s Modified Eagle’s Media contain-

ing 10% fetal calf serum with 2 mmol/L L-glutamine
and penicillin/streptomycin. Cells were plated at a den-
sity of 5 � 106 cells. Fourteen hours later, plates were
placed under normal or hypoxic (1%) conditions to
assess cell growth. During days 2 to 6, cells were
trypsinized and resuspended in 1 mL of medium. Cells
were counted using Countess Automated Cell Counter
(Invitrogen).

Assessment of LDH-A mRNA expression
For all mRNA and proteins assays, we used cells growing

for 48 hours (exponential growth phase). RNAwas isolated
using an "RNeasy" total RNA isolation kit (Qiagen), fol-
lowing the manufacturer’s protocol. The presence of LDH-
A and b-actin mRNAs was assessed using a QIAGEN One-
Step RT-PCR kit. The mouse LDH-A cDNAs were amplified
using the oligonucleotides 50-CCTGTGGCTGGGCTCTTGG
C-30 and 50-AGCCGGCTCTCCCCCTCTTG-30. The level of
b-actin transcript was used as an internal control and
amplified using the oligonucleotides 50-CCTAAGGC-
CAACCGTGAAAAGATG-30 and 50-GGGTGTAAACGCAGC
TCAGTAAC-30.

Western blotting
Breast cancer cell pellets underwent protein extraction

using RIPA Buffer (25 mmol/L Tris HCl, pH ¼ 7.6, 150
mmol/L NaCl, 1% NP-40, 1% sodium deoxycholate,
0.1% SDS; Thermo Scientific) and protease inhibitors
cocktail (1:100; Thermo Scientific Halt Protease Inhibi-
tor Cocktail). Protein concentrations were determined
with bicinchoninic acid assay (BCA Protein Assay Kit;
Pierce). In equivalent amounts (5–20 mg per well), the
proteins were separated by electrophoresis using a
NuPAGE 4-12% Bis-Tris gradient gel (Invitrogen) and
transferred to an Immun-Blot PVDF membrane
(BioRad). Membranes were blocked in 5% milk in
TBS with Tween-20 buffer and were immunoblotted
with anti-LDH-A antibody (#2012; Cell Signaling Tech-
nology) at a 1:1,000 dilution, anti-HXKII antibody (c-14,
sc-6521; Santa Cruz Biotechnology) at a 1:200 dilution,
anti-PKM2 antibody (#3198; Cell Signaling Technology)
at a 1:1,000 dilution, and anti-LDH-B antibody (#1974-
1; Epitomics) at a 1:1,000 dilution. Bound primary
antibodies were visualized with appropriate horseradish
peroxidase–conjugated secondary antibodies (1:2,000)
using enhanced chemiluminescence reagent (Western
Lightning-ECL). Immunoblots were stripped using
Restore Western Blot Stripping Buffer (Thermo Scientific)
and reprobed with anti-b-actin antibody (Abcam) at a
1:5,000 dilution.

LDH activity
Total LDH activity of 67NR and 4T1 cells was assessed

using the Cytotoxicity Detection Kit PLUS (LDH; Roche
Diagnostics). Different numbers of cells were plated in 96-
well plates and incubated (37�C, 5%CO2, 90% humidity)
for 3 to 6 hours and lysed, and LDH activity was measured
as described by the manufacturer.

Translational Relevance

Using subclones derived from a single spontaneous
murine breast tumor, we show that the more aggressive
clone (4T1, with a high propensity to metastasize to
lung and other organs) produces higher levels of
lactate in small tumors that are associated with higher
LDH-A expression and a higher intensity of pimon-
idazole staining, when compared with the nonmeta-
static 67NR clone. Lactate-MRSI, but not [18F]2-deoxy-
2-fluoro-D-glucose positron emission tomography
([18F]FDG-PET) imaging, was able to identify significant
differences in the metabolic phenotype between these 2
orthotopic tumors. There was a 10-fold higher level of
lactate in small 4T1 tumors than in 67NR tumors, at the
time 4T1 lung metastases were developing. In contrast,
there was only a 1.1-fold difference in [18F]FDG accu-
mulation in the same tumors. These studies show a
much greater dynamic range for tumor lactate measure-
ments than for measurements of [18F]FDG accumula-
tion in these tumor models.

A Link between Lactate Dehydrogenase A and Lactate
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Glucose utilization
Glucose utilization of 67NR and 4T1 cells was assessed

using the Glucose Assay Kit (MBL International). The
glucose concentration in growth medium was measured
and compared with a control medium at days 2 and 5.

L-Lactate
Lactate production by 67NR and 4T1 cells during growth

was assessed by measuring the culture medium lactate
using an L-lactate assay kit (Eton Bioscience).

Oxygen consumption assay
Oxygen consumption was measured using the OxyLite

system (Oxford Optronics; ref. 28). Cells were cultured in
75 cm2 flasks to approximately 90% confluence. Cells were
trypsinized to prepare single cells in the growth media
containing 25 mmol/L HEPES. Cells were suspended in
5 mL medium and incubated in sealed Reacti-vials (Pierce
Scientific, now known as Thermo Fisher Scientific Inc.) at
37�C, with continuous stirring. The OxyLite probe was
introduced into the cell mix using a 19-G needle to pierce
the rubber septum.Measurements were recorded over 30 to
60minutes. Medium pHwasmeasured before and after the
experiment. To show a maximal inhibition of the electron
transfer chain, an inhibitor of the respiratory chain, rote-
none was added to cells for 30minutes at concentrations of
1 or 10 mmol/L. All experiments were repeated at least 3
times with cells from independent cultures.

Animal model
The animal protocol was approved by the Institutional

Animal Care and Use Committee of Memorial Sloan Ket-
tering Cancer Center. A total of 1� 106 67NR and 4T1 cells
were injected into the fourth right mammary fat pad of
athymic nu/nu female mice (National Cancer Institute).
Tumors were categorized into following 3 groups: small
(<150 mm3), medium (150–400 mm3), and large (>400
mm3). Tumor volume (V) was calculated from caliper
measurements, where V ¼ (p/6) � x � y � z where x, y,
and z are 3 orthogonal diameters. A total of 20 mice [67NR
(n ¼ 8) and 4T1 (n ¼ 12)] were used in the imaging
experiments.

In vivo lactate detection
The lactate level in the tumor was detected using MRSI.

Tumor-bearing mice were anesthetized with isoflurane
(1.5%) combined with oxygen. MRSI experiments were
carried out on a 7T Bruker Biospec Spectrometer using
home-built 2-turn solenoid coils (7 and 12 mm in dia-
meters). The coil was positioned in the center of the
platform and matched with the isocenter of the magnet.
Scout images acquired with the Bruker ParaVision TriPilot
Sequence ensured that the tumor was in the center of the
magnet. The body temperature of the mice was monitored
and maintained at 35�C using a rectal temperature probe
and warm air was directed on the animal (MR-compat-
ible, small rodent Heater System; SA Instruments). The
lactate signal was detected using the Selective Multiple

Quantum Coherence (SelMQC) editing sequence (29,
30). Spectra of both the whole tumor and a 5-mm thick
center slice in the coronal plane were acquired with
repetition time (TR) ¼ 2 seconds, number of excitations
¼ 8,512 data points, and spectral width ¼ 2,510 Hz. Two-
dimensional chemical shift imaging (2D-CSI) of the
localized, 5-mm thick coronal slice was conducted with
the following parameters: matrix size ¼ 16 � 16 and field
of view ¼ 24 mm (1.5 � 1.5 mm2 in plane resolution).
The voxel volume of the CSI was 11.25 mm3, and total
2D-CSI acquisition time was 70 minutes. The 2D-CSI was
coregistered with a T2-weighted image using a multislice
multiecho sequence (MSME). The parameters for the
MSME included a slice thickness ¼ 1 mm, field of view
¼ 24 mm, 2,217-ms repetition time, 40-ms echo time,
matrix size ¼ 512 � 256, and number of average ¼ 8.
Multislice images of the tumor in the coronal plane were
also acquired using rapid acquisition with relaxation
enhancement (RARE) sequence with a slice thickness of
1 mm. The volumes of the tumor in the central slice for
CSI were calculated by drawing regions of interest (ROI)
in the T2-weighted image to find the tumor area and then
multiplying the area by the slice thickness.

Magnetic resonance data processing
The 1D lactate spectra from the 5-mm thick center slice

were processed by a 1D Fourier transform, similar to our
previousmethodology (31). The absolutemagnitude of the
echo signal from the slice was fitted by a home-written
program using Matlab (The MathWorks) and normalized
to the slice volume. Lactate spectra quantitation was con-
ducted by the phantom replacement technique (32), using
a 10 mmol/L lactate/H2O cylinder. The concentration
of in vivo tumor lactate, C, can be calculated from the
phantom solution of known lactate concentration Cref as
follows:

C ¼ Cref � fT1;T2 �
A

Aref

where A and Aref are the measured areas under the fitted
peaks in tumor and in the reference phantom, respectively.
The relaxation times, T1 and T2, were measured using
modified T1-SelMQC and T2-SelMQC sequences which
have been described elsewhere (30). The correction factor
for T1 and T2 differences between phantom and in vivo
data is as follows:

fT1;T2 ¼ exp TE
1

T2 vivo
� 1

T2 phantom

� �� �
� 1� exp �TR=T1 phantom

� �� 	
1� exp �TR



T1 vivoÞ

� 	�

The T1 values for the 67NR and 4T1 are 1.61 and 1.86
seconds, respectively. The T2 values for the 67NR and 4T1
tumors are 0.21 and 0.34 seconds, respectively. For the
lactate phantom, the T1 is 1.3 seconds and T2 is 0.5 seconds.
The 2D-CSI data from the tumor and the phantom were
processed voxel by voxel by the 3DiCSI Software Package
(courtesy of Truman Brown, PhD, Columbia University,
New York, NY). The spectra from the 2D-CSI were super-
imposed on the corresponding T2-weighted MSME image
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using the 3DiCSI software. The spectrum from each tumor
voxel was extracted for further processing by software
written using Matlab. Voxel volume was selected as
11.25 mm3 for both tumor and phantom. Also, the max-
imum concentration of lactate in a voxel was identified
(hot spot for lactate) and recorded.

MicroPET
[18F]FDG-PET imaging was conducted after lactate-

MRSI, as previously described (33). [18F]FDG (specific
activity > 11 Ci/mmol, average purity 99%) was provided
by IBA Molecular. An experimentally determined system
calibration factor was used to convert voxel count rate
to radioactivity concentrations, expressed as percentage
of injected dose/mL (%ID/mL). ROI analysis of the recon-
structed images was conducted using ASIPro software
(Siemens Medical Solutions) to determine the average
andmaximum tumor radioactivity values. A partial volume
correction was applied to the ROI-measured radioactivity
data (Supplementary Fig. S1).

Immunohistochemical staining
Selected animals were injected with pimonidazole hy-

drochloride (hypoxyprobe-1, HPI) and Hoechst 33342
(Sigma-Aldrich) at 60 and 40 mg/kg, respectively. These
agents were dissolved in PBS and administered by way of
the tail vein. Pimonidazole hydrochloride was adminis-
tered 1 hour presacrifice, and Hoechst 33342 was admin-
istered 5 minutes presacrifice (34). Tumors were
immediately frozen at �80�C for immunohistochemistry.
Ten-micrometer thick, adjacent frozen sections from the
estimated location of the MRS slice were obtained using a
Microm HM500 cryostat microtome (Microm Internation-
al GmbH). The sections were imaged for Hoechst (blood
perfusion) and for pimonidazole (hypoxia) detection. The
sections were then stained with CD31 antibody (endothe-
lial cell marker), and adjacent tumor sections were pro-
cessed for hematoxylin and eosin (H&E) staining. Images
of the sections were processed using Matlab to estimate the
fraction of tumor necrosis (31).

Statistical analyses
All values are expressed as mean � SD. Statistical signif-

icance was determined by a 2-tailed Student’s t test; a value
of P < 0.05 was considered significant.

Results

Metabolic characterization of 67NR and 4T1 murine
breast cancer cell lines
The metabolic features of 2 isogenic tumor cell lines,

with different phenotypic growth and metastatic character-
istics, were compared and related to LDH-A mRNA expres-
sion and protein levels. Semiquantitative reverse
transcriptase (RT)-PCR and immunoblotting for LDH-A
showed that nonmetastatic 67NR cells express lower levels
of LDH-A in comparison with highly aggressive, metastases
prone 4T1 cells during exponential growth under normal

incubation conditions (Fig. 1A and B). To confirm that
LDH-A expression levels correlate with the functional ac-
tivity of LDH as an enzymatic complex, we conducted an
enzymatic assay in viable 67NR and 4T1 cancer cells
(Fig. 1C). LDH activity was approximately 5-fold higher
in 4T1 cells than in 67NR cells.

We also assessed the expression levels of 2 other glyco-
lytic enzymes, HXKII (hexokinase II) and PKM2 (pyruvate
kinase muscle isozyme 2; Fig. 1B). HXKII and PKM2 are
overexpressed in 4T1 cells compared with 67NR cells; the
relative intensity of the immunoblot bands was measured
and showed a 3- and 2-fold difference, respectively (data
not shown).

A significant difference in acidification of the incubation
medium and lactate production was also observed between
the 2 cell lines (Fig. 1D and G). At day 5 of cell growth, the
medium pH of 4T1 was 6.9 � 0.1 whereas the medium pH
of 67NR cells was 7.4 � 0.1. Glucose utilization by 67NR
and 4T1 cells was also significantly different (Fig. 1F); 4T1
cells exhausted the supply of glucose in the medium within
5 days of incubation whereas 67NR cells used only 50% of
the available glucose during this period. These differences
are significant at day 5 of cell growth and cannot be
explained by differences in cell numbers.

Many advanced cancers that reflect the Warburg pheno-
type have high glucose uptake with conversion of glucose
to lactate. Cells with this phenotype consume available
oxygen at a rate dictated by their oxidative capacity, and this
consumption rate can be measured. Interestingly, 4T1 cells
had a 3-fold higher rate of oxygen consumption than 67NR
cells. The inhibition of the mitochondrial respiratory chain
complex I by 1 mmol/L rotenone was approximately 90% in
4T1 cells and 100% in 67NR cells (Fig. 1E). Rotenone at 10
mmol/L completely inhibited oxygen consumption in both
cell lines.

In vivo lactate detection with 1H-MRSI using a SelMQC
sequence

Because 67NR and 4T1 cancer cells show significant
differences in the expression of HXKII, PKM2, and LDH-
A, as well as glycolytic flux and mitochondrial respiration,
we decided to assess whether they exhibited a different
metabolic phenotype in vivo as well. Lactate concentration
in 67NR and 4T1 tumors was monitored byMRSI using the
SelMQC sequence during tumor growth (the tumor growth
profiles are shown in Supplementary Fig. S2). The 2D-CSI
of nonmetastatic 67NR and metastatic-prone 4T1 tumors
are compared at 3 different tumor volumes (Fig. 2A and B).
Note that the distribution of lactate signal varies spatially
across both 67NR and 4T1 tumors, reflecting the hetero-
geneity of tumor metabolism. A difference in total LDH-A
expression is also present in 67NR and 4T1 tumors, as
assessed by Western blotting (Fig. 2C).

Small (<150 mm3) 67NR tumors showed very low
levels of lactate (average lactate ¼ 0.9 � 1.9 mmol/L;
Fig. 3A and C). Lactate levels in 67NR tumors larger than
150 mm3 gradually increased and reached a plateau
during tumor growth, with an average concentration of
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5.5 � 1.8 mmol/L. Small (<150 mm3) 4T1 tumors have
significantly higher lactate concentrations (9.3 � 2.7
mmol/L) than small 67NR tumors (P ¼ 0.0001). In
contrast to 67NR tumors, the lactate signal in 4T1 tumors
decreased rapidly, as tumor size increased (Fig. 3B and C).
Expressed differently, primary 4T1 tumors (6–8 days after
orthotopic implantation when metastases are first
detected; mean volume ¼ 73 � 14 mm3) have very high
lactate levels (11.0 � 1.5 mmol/L). Plotting tumor lactate
concentrations versus time after orthotopic implantation
yielded lactate concentration profiles (Fig. 3D) similar
to that obtained when plotted versus tumor volume
(Fig. 3A and B).

An examination of the H&E sections of different size
67NR and 4T1 tumors showed that necrosis became visible
in 4T1 tumors even at 100 mm3 in size whereas necrotic
areas were essentially absent in large (>400 mm3) 67NR
tumors (Supplementary Fig. S3). The decrease in lactate
signal as 4T1 tumors increase in size (Fig. 3B) may be
explained, in part, by the increase in tumor necrosis. We
analyzed the H&E sections of 5 large 4T1 (450, 530, 670,
770, and 860 mm3) tumors that had lactate-MRSI mea-
surements just prior to sacrifice. The fraction of viable-
appearing tissue in these large 4T1 tumors was calculated
from the H&E images of these tumors using Matlab (de-
scribed in Materials and Methods). When the lactate signal

was corrected for the viable tissue volume, the average
lactate concentration in those large 4T1 tumors was calcu-
lated to be 7.3 � 1.4 mmol/L.

FDG microPET imaging
[18F]FDG microPET scans were conducted following

lactate 1H-MRSI imaging on the same tumor-bearing ani-
mals. Small 67NR tumors (<150 mm3) had an average
partial volume-corrected [18F]FDG uptake of 6.2 � 1.5
%ID/mL, which slowly declined as the tumors increased
in size (Fig. 4A and C). The partial volume-corrected
[18F]FDG uptake of small 4T1 tumors was 6.8 � 2.2
%ID/mL, which decreased rapidly with tumor growth,
approaching a plateau value of approximately 3%ID/mL
as the tumors increased in size (Fig. 4B and C). All 4T1
tumors exhibited more-intense FDG accumulation along
the periphery during the late stages of the growth (Fig. 4D),
reflecting lower metabolism in central tumor areas with
greater necrosis. MRSI also showed heterogeneity of lactate
levels in medium and large 4T1 tumors, but there was not a
strong segregation between the periphery and central core.

Comparison of growth profiles and LDH-A and LDH-B
expression under normoxic and hypoxic conditions

4T1 cells grow more rapidly than 67NR cells during first
4 days of culture and then plateau whereas 67NR cells
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Figure 1. Metabolic features of
isogenic 67NR and 4T1 breast
cancer cells. A, LDH-A mRNA
expression in 67NR and 4T1 cells
by the semiquantitative RT-PCR.
B, LDH-A, HXKII, and PKM2
proteins expression assessed by
Western blotting. C, total LDH
enzyme activity in 67NR cells and
4T1 cells. D, cell culture medium
acidification; supernatant pH. E,
oxygen consumption of 67NR and
4T1 cells in normal growth media
[Dulbecco's Modified Eagle's
Media (DMEM; high glucose) þ
10% fetal calf serum þ 2 mmol/L
L-glutamine, 25 mmol/L HEPES]
and upon treatment with 1 mmol/L
of rotenone using the OxyLite
system. F, glucose utilization;
clearance of glucose from the
culture medium. G, lactate
production; appearance of lactate
in the culture medium.
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continue exponential cell growth through day 7 (Fig. 5A).
Because we determined that 4T1 cells have a higher rate of
oxygen consumption than 67NR cells (Fig. 1E), we con-
ducted experiments to study the effect of hypoxia (1%
oxygen) on cell growth. We found that the growth of
4T1 cells under hypoxic conditions declined after day 3
(Fig. 5A), suggesting that 4T1 cells are very sensitive to
hypoxia. In contrast, 67NR cells were less affected by
hypoxia and continued to grow slowly after day 3 (Fig. 5A).
We also assessed the impact of hypoxia (1% of oxygen)

on LDH-A and LDH-B expression levels by immunoblot-
ting. Hypoxia had little effect on LDH-B levels in the 2 cell
lines, consistent with previous published studies (25, 26);
the major change was found in LDH-A expression (Fig. 5).
Importantly, 4T1 cells had a higher expression of more
than 10-fold of LDH-A than 67NR cells under normoxic
culture conditions, and both cell lines increase LDH-A
expression in response to hypoxia (based on the b-actin–
normalized intensity of the bands; Fig. 5B and C). 67NR
cells have very low levels of LDH-A under normoxia, but an
18-fold upregulation was observed under hypoxia (Fig. 5B
and C). Note that the LDH-A protein levels were similar in
both cell lines under hypoxia.
The differential expression of LDH-A protein in 4T1 and

67NR cells under normoxic and hypoxic conditions in cell
culture is consistent with the variation and difference in
lactate levels measured by MRSI in small 4T1 and medium-
to-large 67NR orthotopically growing tumors (Fig. 3). In
support of this explanation, tumor samples were collected

and processed after administration of pimonidazole hy-
drochloride and Hoechst 33342 (hypoxia and the blood
perfusion probes, respectively; Fig. 6). Consistent with the
in vitro results, small (100 mm3) 4T1 tumors show small
zones of necrosis (or impending necrosis) associated with
pimonidazole (hypoxia) and attenuated perfusion stain-
ing. The intensity of pimonidazole staining was significant-
ly higher in all 4T1 samples than in 67NR tumors. The
visible, but less intense, hypoxia staining was observed only
in the larger 67NR tumor samples. These results could
partially explain the gradual increase and plateau level
(5.5 � 1.8 mmol/L) of lactate in medium and large sizes
67NR tumors as a result of increasing hypoxia that develops
in the enlarging tumors (>150 mm3; Fig. 3A). Moreover,
the development of significant necrosis observed in all
enlarging 4T1 tumors (Supplementary Fig. S3) may explain
the lower lactate accumulation in comparison with small
4T1 tumors.

Discussion

Glucose and glutamine are the major carbon sources for
rapidly proliferating tumors, providing precursors for
nucleic acids, proteins, and lipids, as well as metabolic-
reducing capability (NADPH). Pyruvate is largely derived
from both glucose and glutamine metabolism; it can be
converted to lactate by the LDH complex and/or enter the
TCA cycle for conversion to CO2 and ATP. The conversion
of pyruvate to lactate is also catalyzed by LDH which is a

Figure 2. Lactate CSI spectra. A,
different sizes of 67NR
nonmetastatic tumors are shown.
B, 4T1 metastasis-prone tumors
are shown. Lactate signal was
detected using CSI and a SelMQC
editing sequence. C, LDH-A
protein expression was assessed
by Western blotting in different
sizes of 67NR and 4T1 tumors. TV,
tumor volume.
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reversible reaction that results in the formation of NADþ,
which is necessary for further glycolysis. LDH isoenzymes
are found in almost all eukaryotic cells and tissues, reflect-
ing the importance of thismetabolic step. As a consequence
of increased glucose and glutamine metabolism, tumors
secrete lactate, alanine, and NH4

þ. When oxygen is avail-
able, the accumulated and exogenous lactate can be reuti-
lized and converted back to pyruvate, where it is further
oxidized to CO2 and H2O in the TCA cycle, generating ATP
and NADþ (35). Recently, it was shown that LDH-A is
required for the maintenance and progression of many
tumors (10, 16, 17), but the mechanisms by which LDH-A
facilitates tumor progression are poorly understood.

We studied 2 isogenic cell lines (67NR and 4T1) origi-
nating from the samemammary tumor (21). Both cell lines
generate orthotopic breast tumors with different growth
and metastatic profiles (21): 67NR cells form primary
tumors but no metastases, whereas 4T1 cells generate
tumors that rapidly complete all steps leading to macro-
scopic nodules in lungs within 6 to 8 days of orthotopic
implantation. In this study, we show that these cell lines
and their corresponding orthotopic tumors have different
metabolic profiles as well.

Significant differences in the gene expression pattern of
4T1 and 67NR cells have been described (22, 24, 36), and
these differences contribute to the distinct metabolic and
phenotypic behaviors of 4T1 and 67NR cells and tumors. A
substantial number of highly expressed genes in 4T1 cells/
tumors are associated with cell adhesion, migration, an-
giogenesis, extracellular matrix modification, cytoskeleton
function, cell proliferation, apoptosis, survival, inflamma-
tion, immune response, and cellular metabolism. 4T1 cells
also displayed elevated levels of Gadd45, Pfkfb3, Vegfc, Flt1;
some of these genes are known to be regulated by hypoxia
and glucose deprivation. This gene expression profile sug-
gests that 4T1 cells are in a stress-related state, with high
metabolic requirements that are inadequately supplied by
the vasculature leading to hypoxia and glucose deprivation.

Our additional analysis of published data (22, 36)
identified several other important modulators of tumor
metabolism. Carbonic anhydrase isoform-12 (CA12) in
4T1 cells is expressed 6.7-fold above that in 67NR cells.
CA12 is a transmembrane enzyme that maintains normal
intracellular pH and is known to be upregulated by hyp-
oxia-inducible factor 1. Furthermore, a 2.3-fold elevation
of MYC expression was observed in 4T1 cells compared
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with nonmetastatic 67NR cells (22). This raises the inter-
esting possibility of a link between glucose and glutamine
metabolism in these cells because Myc induces mitochon-
drial biogenesis in proliferating cells (37), stimulates mi-
tochondrial glutamine metabolism (38), and upregulates
LDH-A (39). In addition to data from gene expression
analyses, comprehensive proteomics profiling across these
cell lines has been conducted (40). The majority of the
detected changes in protein expression are associated with
metabolism-related proteins (>40%) including the expres-
sion of LDH-A (40).
A recently completed metabolomic analysis of the same

cells using liquid chromatography/tandemmass spectros-
copy confirmed the above observations (41). The meta-
static capacity of 4T1 cells was shown to be associated
with altered glycolysis, pentose phosphate pathway, and
fatty acid synthesis, as well as decreased reduced gluta-
thione/oxidized glutathione redox pool. In addition,
4T1 cells have shown enrichment of TCA cycle intermedi-
ates (citrate, isocitrate, and malate; ref. 41), which corre-

lates with a 3.2-fold higher expression of malic enzyme in
4T1 cells (36). These data coincide with a recent study
(42) showing that breast cancer cells with the potential to
form brain metastases may use aerobic glycolysis coupled
to the TCA cycle and oxidative phosphorylation to gene-
rate energy for cell growth. However, it is unclear whether
the increase in TCA cycle activity is driven primarily by
glucose or by glutamine metabolism, and additional
studies will be required to answer this question.

The metabolism of both glucose and glutamine involves
LDH. LDH is a tetrameric enzyme, containing 2 major
subunits (A and B) coded by 2 different genes (LDH-A and
LDH-B), which may form 5 isozymes (43). All 5 isozymes
can catalyze the forward and backward conversion of
pyruvate and lactate. LDH-A (LDH-5, M-LDH, or A4)
kinetically favors the conversion of pyruvate to lactate
whereas LDH-B (LDH-1, H-LDH, or B4) predominantly
converts lactate to pyruvate, which will be further oxidized
through the TCA cycle (44). The LDH-A and LDH-B sub-
units and their ratio are very important in the formation
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and function of the tetrameric enzyme, and the subunit
composition impacts on the kinetics and the direction of
the LDH-regulated reaction.

We found nearly equal levels of LDH-A and LDH-B
expression in 4T1 cells using immunoblot analysis. The
LDH-A/LDH-B ratio was 1.0 and 1.4 in 4T1 cells under
normoxia and hypoxia, respectively. In 67NR cells the
corresponding LDH-A/LDH-B ratio variation was much
greater under normoxia and hypoxia, ranging from 0.11
to 1.66, respectively. The LDH isozymes of 4T1 and 67NR
cells have the capacity to catalyze pyruvate–lactate reac-
tions in both directions, with a tendency toward lactate
formation under hypoxic conditions. Moreover, these
results (reflecting a change in the LDH-A/LDH-B tetrameric
enzyme ratio) are consistent with the oxygen consumption
experiments, where high mitochondrial TCA cycle activity
was observed in 4T1 cells and with the in vivo MRSI
experiments showing high lactate and early development
of necrosis in small 4T1 tumors. The hypoxia-induced
change in the LDH-A/LDH-B tetrameric enzyme ratio of
67NR cells was more dramatic and consistent with the
appearance of lactate in medium- and large-size 67NR
tumors. Under hypoxia, 67NR cells significantly upregulate
LDH-A and change the composition of the LDH enzymatic
complex with the preference toward lactate formation (44).

The higher LDH-A expression in 4T1 cells than in 67NR
cells under normal oxygen conditions is reflected in higher
LDH enzymatic activity, higher lactate production, greater
generation of hydrogen ions, and a greater consumption of
glucose by 4T1 cells. In contrast with a traditional Warburg
phenotype, 4T1 cells consume oxygen significantly faster
than 67NR cells, showing high mitochondrial respiration

in these metastatic-prone cancer cells. In the last several
years, a number of publications have shown that onco-
genes, such as c-Myc (37) and mutant H-Ras (45), increase
mitochondrial metabolismwhich correlated withmetastat-
ic potential. Importantly, active oxidative phosphorylation
could be very essential for the in vivo growth of highly
glycolytic tumors, which could be a step to recycle secreted
lactate to fuel mitochondrial activity (46) or be an adap-
tation to other metabolic stress (47, 48). In addition, the
anchorage-independent growth phenotype, which is an
important signature of metastatic tumors, is also associated
with the activated mitochondrial biogenesis (49).

Several noninvasive imaging techniques can be used for
the assessment of tumor metabolism. MRI/MRS provides a
unique ability to noninvasively obtain structural as well as
metabolic information from soft tissues. [18F]FDG-PET is
primarily used in tumor diagnosis to stage the extent of
disease and to monitor the response to therapy (50); the
magnitude of FDGuptake has also been shown to reflect, in
part, the rate of glycolysis (50). The capability of MRSI to
noninvasively obtain metabolic information is a valuable
asset in the metabolic profiling of tumors and can provide
molecular signatures of specific biological processes in
discreet anatomic structures using natural metabolites
and stable (nonradioactive) isotopes (13C, 15N, etc.). Using
SelMQC transfer in combination with CSI for in vivo lactate
detection, we have shown striking differences and changes
in tumor lactate levels during orthotopic 67NR and 4T1
breast tumors growth. A 10-fold higher level of lactate was
measured in small (<150 mm3) 4T1 tumors than in small
67NR tumors (Fig. 3). Lung metastases are known to
develop early (�6–8 days after orthotopic implantation
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of 4T1 cells; Supplementary Fig. S4; ref. 21) and at approx-
imately the same time that 4T1 tumor lactate levels are very
high (11.0 � 1.5 mmol/L, 8 days after implantation;
Fig. 3D). The correspondence of high lactate levels in small
4T1 tumors and concurrent development of lung metasta-
ses is of particular interest and suggests that high levels of
lactate may be associated with the initiation of metastases.
Differences in lactate production andmicroenvironment

acidity have been previously shown to differentiate meta-
static and nonmetastatic human xenografts (51, 52). The
high lactate concentration (�10 mmol/L; Fig. 3D) mea-
sured in small 4T1 tumors, concurrent with the develop-
ment of lungmetastases (days 6–8; Supplementary Fig. S4),
is consistent with clinical studies (4, 6) where high lactate
levels (with median concentrations >8 mmol/L) were
associated with the subsequent development of metastases
(4).
In comparison to tumor lactate levels, there were only

small changes in [18F]FDG accumulation during 4T1 and
67NR tumor growth. At the time metastases were devel-
oping from small orthotopic 4T1 tumors, there was only a
1.1-fold difference in [18F]FDG accumulation between 4T1
and 67NR tumors. In contrast, there was a 10-fold differ-
ence in lactate levels in the same tumors at the time when
there was little or no tumor necrosis. The subsequent

decline in lactate concentration and [18F]FDG accumula-
tion during 4T1 tumor growth may reflect the effects of
tumor necrosis. Because tumor lactate concentration and
[18F]FDG accumulation are likely to be related in a glyco-
lytic phenotype, we compared the ratio of tumor lactate
concentration and tumor [18F]FDG accumulation, sequen-
tially during tumor growth. Despite a fair amount of
scatter, 67NR and 4T1 tumors showed marked differences
in their lactate/FDG ratio profiles when the tumors were
small (Supplementary Fig. S5) whereas both tumors
approached a similar plateau ratio (1.0–1.1 mmol/L/
%ID/mL) as they increased in size.

Cellular oxygen consumption is one of the determinants
of intracellular oxygen levels (53). Under conditions of
high oxygen demand, cells can become hypoxic due to high
oxygen consumption (54). This is reflected in the meta-
bolic profiles observed for small 4T1 and 67NR tumors and
is very similar to those observed in the cell culture experi-
ments. It suggests that the in vitro cell culture environment
may better reflect the in vivo environment of small tumors.
Thus, in vitro cell cultures may be better models for small
well-perfused tumors prior to the development of signifi-
cant ischemia, hypoxia, and necrosis. In culture, 4T1 cells
produce lactate and consume significantly more glucose
and oxygen than 67NR cells. The appearance of necrotic

Figure 6. Immunohistochemical
staining of 67NR and 4T1 tumors.
Histology (H&E), endothelial cell
density (CD31, red), blood flow
(Hoechst 33342, blue), and
hypoxia (Pimonidazole, green) are
compared. Small 67NR tumors
showed no necrosis, a uniform
endothelial cell density and blood
flow, and no hypoxia. Medium-
size 67NR tumors showed some
pimonidazole staining. This small
4T1 tumor shows some central
necrosis, a decrease in endothelial
cell density, and blood flow, with a
corresponding zone of hypoxia
surrounding the necrotic zone.
These observations were
amplified in medium-size 4T1
tumors.

67NR

400 mm3

Endothelial cell

density (CD31)

Blood flow

(Hoechst 33342)

Hypoxia

(Pimonidazole)

100 mm3

400 mm3

100 mm3

4T1

H&E
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zones, even in small 4T1 tumors at the time early metas-
tases are developing, is likely to reflect an oxygen require-
ment for efficient 4T1 cell metabolism and may contribute
to hypoxia-induced cell death in these tumors. Moreover,
the significant necrosis observed in all enlarging 4T1
tumors (Supplementary Fig. S3) is associated with lower
levels of lactate production in medium- and large-size 4T1
tumors. The intensity of the pimonidazole staining was
also significantly higher in all 4T1 samples than in 67NR
tumors. Less-intense hypoxia staining was observed only in
the larger 67NR tumors and is consistent with the gradual
increase and plateau of lactate concentration in medium
and large sizes 67NR tumors.

This study presents several important findings: (i) The
expression of LDH-A and production of lactate in 4T1
breast cancer cells and small orthotopic tumors are higher
than in isogenic 67NR cells and tumors; (ii) Changes in
LDH-A level under hypoxic conditions could explain the
formation of lactate in larger 67NR tumors; (iii) MRSI was
considerably better than [18F]FDG-PET in identifying sig-
nificant differences in the metabolic phenotype of small
4T1 tumors (high lactate production and high glucose
utilization) than in 67NR tumors, and these differences
were most prominent during early tumor growth when 4T1

metastases were developing; and (iv) Lactate-MRSI has a
greater dynamic range than [18F]FDG-PET and may be a
more sensitive measure with which to evaluate the aggres-
sive potential of primary breast tumors.
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Introduction:  Detection and quantification of metabolic markers using magnetic resonance spectroscopy (MRS) is a non-invasive powerful tool for early cancer 
diagnosis and treatment monitoring (1-2). Lactate (Lac) a metabolic product of glycolysis plays a vital role in energy metabolism,Recent studies have shown  that high 
level of lactate concentration [Lac] is associated with breast cancer and prostate cancer (3-4). The predominant use of glycolysis for energy demand due to poor tissue 
oxygenation has been observed in cancerous tissues. We used the modified Spectral-Selective Pulses in Selective MQ coherences (SS-SelMQC) method (5) to detect 
Lac by effectively suppressing water and fat with signal enhancement. Lac signal enhancement was achieved by using short binomial frequency selective pulses, which 
reduces signal loss in the evolution period due to the effects of scalar coupling and molecular diffusion. In the present work, we measured Lac with improved lipid and 
water suppression using 1331 binomial composite pulses (SS1-SelMQC). This sequence was used to detect and quantify Lac levels in orthotopic breast tumors with 
different growth rates. MCF-7(n=6) and BT-474 (n=6) breast tumors were used to represent fast growing tumors compared with slow growing MDA-MB-231(n=6) and 
MDA-MB-435 (n=6) tumors. We discreminated  the molecular prognostic markers with respect to  [Lac] viz., ER(Estrogen) PR(Progesterone)  +/-, Her2(Human 
Epidermal growth factor Receptor 2)+/- and TN(Triple)+/TN-. 
Materials and Methods: Animal studies were conducted in compliance with protocols approved by MSKCC’s IACUC committee. 4 to 6 weeks old Athymic nu/nu 
nude mice were used for the study. Animals were randomly classified into four groups for four different cell lines viz., MCF-7 and BT-474, MDA-MB-231 and MDA-
MB-435. Two days before estrogen pellet was inserted in MCF-7 and BT-474 group mice. 5 * 106 cells were inoculated on the mammary fat pad of the all the four 
group mice and tumor growth was started after one week of cell inoculation and tumor growth was monitored every week (Fig.1A). Tumors were categorized into three 
groups: small (<150 mm3), medium (200-350 mm3), and large (>450mm3). The tumor volume was calculated by measuring the length (l) breadth (b) and height (h) of 
the tumor using the formula π*(l*b*h)/6. All MR imaging and spectroscopy experiments were performed on a 4.7 Tesla Bruker Biospin spectrometer (40 cm horizontal 
bore). The mice were anesthetized using a mixture of isoflurane and oxygen (10% O2) and placed in the animal holder. The tumor was placed inside a 2 turn home built 
15 mm diameter tuned coil. A rectal fiberoptic probe was used to monitor the mouse body temperature. Warm air was blown to maintain the animal body temperature at 
37 °C. The magnet was shimmed to a half height line width of less than 50 Hz for the 1H water signal. Spectra were obtained for localized (5mm thick) to detect Lac 
signal from the tumor. The SS1-SelMQC, spectral editing technique to measure [Lac] by efficiently suppressing lipid (1.3 ppm) and water (4.7 ppm) signal in a single 
shot was used to measure Lac in tumor.  One-dimensional slice spectra in the sagittal plane were acquired with TR = 3 sec, echo time of 72 ms,  number of excitations  
16, 1024 data points and spectral width of 2510 Hz. The One-dimensional spectra were processed by a 1D Fourier transform, similar to our previous report (5). The 
absolute magnitude of the echo signal from the slice was fitted in in-house matlab (Matworks 7.6.0) program and normalized to the slice volume. Quantification of Lac 
was performed by the phantom replacement technique using a 15 mM Lac (4). Statistical analysis was performed using SPSS software. Non-Parametric Mann-Whitney 
U test(2 sample) were used to differentiate molecular prognostic markers. Correlation coefficient b/n slice [Lac] with tumor volume was performed by Pearson two 
tailed test. 
Results and Discussion: The [Lac] in MCF-7, BT-474 (Fig 1B) MDA-MB-231and MDA-MB-435 (Fig 1C) tumors were measured using MRSI with respect to tumor 
volume. In all four tumor types, the [Lac] was found to be higher in small tumor volume (100-150mm3), as tumor reaches 400mm3, [Lac] level tend to decrease, at 
higher tumor volume (> 400mm3) [Lac] level declined (Fig 1D&E). [Lac] found to be significantly higher (p=0.00 for all three prognostic markers) in ER PR +, Her2+ 
and TN+ compared to  ER PR -, Her2- and TN- markers respectively (Fig 1F). 
Conclusion: Our results, inferred the decrease in Lac level as tumor volume increases.  At smaller tumor volumes, in fast growing tumors (low metastatic potential), 
[Lac] was higher, whereas in slow growing tumors (high metastatic potential) has lower [Lac]. In all these tumors [Lac] is negatively correlated with tumor volume. 
Significant correlation was found in MDA-MB-231 (r=-0.84), MCF-7 (r=-0.76) and moderate correlation was found in BT-474 (r=-0.51) and in MDA-MB-435 (r=-
0.69).  [Lac] is significantly differentiate the molecular prognostic marker. 
Reference: 1) Kristine Glunde et al, NMR Biomed 24(6): p 673-690 (2011). 2)Yanping Luo et al, Magn Reson.Med.,41(4): p 676-685(1999). 3) Inna Serganova et al, 
August 15, 2011;  doi: 10.1158/1078-0432.CCR-11-039. 4) J.Yaligar et al, 25 May, 2011, DOI: 10.1002/nbm.1723. 5) Thakur SB, et al., Magn Reson Med. 62: 591-
598 (2009). 
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Fig 1: Tumor volume (TV) growth curve (A) ,  [Lac] level with respect to TV in fast [B] and slow growing [C]  tumors, mean [Lac] level in small , medium and bigger 
TV in slow [D] and fast [E] growing tumors and [Lac] level with respect to protein prognostic factor with statistical analysis p=0.00 * (F).  
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Imaging, Diagnosis, Prognosis

Relationships between LDH-A, Lactate, and Metastases in
4T1 Breast Tumors

Asif Rizwan1,7, Inna Serganova2, Raya Khanin5, Hazem Karabeber3, Xiaohui Ni1, Sunitha Thakur1,
Kristen L. Zakian1,3, Ronald Blasberg2,3,6, and Jason A. Koutcher1,3,4,6,7

Abstract
Purpose: To investigate the relationship between lactate dehydrogenase A (LDH-A) expression, lactate

concentration, cell metabolism, and metastases in murine 4T1 breast tumors.

Experimental Design: Inhibition of LDH-A expression and protein levels were achieved in a metastatic

breast cancer cell line (4T1) using short hairpin RNA (shRNA) technology. The relationship between tumor

LDH-A protein levels and lactate concentration (measured by magnetic resonance spectroscopic imaging,

MRSI) and metastases was assessed.

Results: LDH-A knockdown cells (KD9) showed a significant reduction in LDH-A protein and LDH

activity, less acid production, decreased transwell migration and invasion, lower proliferation, reduced

glucose consumption and glycolysis, and increase in oxygen consumption, reactive oxygen species (ROS),

and cellular ATP levels, compared with control (NC) cells cultured in 25 mmol/L glucose. In vivo studies

showed lower lactate levels in KD9, KD5, andKD317 tumors than inNCor 4T1wild-type tumors (P < 0.01),
and a linear relationship between tumor LDH-A protein expression and lactate concentration. Metastases

were delayed and primary tumor growth rate decreased.

Conclusions: We show for the first time that LDH-A knockdown inhibited the formation of

metastases, and was accompanied by in vivo changes in tumor cell metabolism. Lactate MRSI can be

used as a surrogate to monitor targeted inhibition of LDH-A in a preclinical setting and provides a

noninvasive imaging strategy to monitor LDH-A–targeted therapy. This imaging strategy can be

translated to the clinic to identify and monitor patients who are at high risk of developing metastatic

disease. Clin Cancer Res; 1–12. �2013 AACR.

Introduction
Metabolic alterations in tumors impact their evolution,

progression, and development of metastases (1–7). Cancer
cellsmodify their energymetabolism as they proliferate and
adjust to a changingmicroenvironment tomeet their energy
and macromolecular synthetic demands. Many cancer cells
have high glucose and glutamine usage and high rates of
aerobic glycolysis (1), which impact the development of the
metastatic phenotype (2, 8).

This article focuses on lactate dehydrogenase A (LDH-
A). LDH-A provides a link between several metabolic
pathways. The product of LDH-A activity (lactate) can
be assessed noninvasively and quantitatively using mag-
netic resonance spectroscopic imaging (MRSI). The low
sensitivity and overlapping peaks of the lactate and lipid
magnetic resonance spectra present technical difficulties
during magnetic resonance spectroscopy, but can be
overcome by the use of spectral editing methods, such
as SELective Multiple Quantum Coherence (SEL-MQC)
techniques (9). We previously showed that tumor lactate
concentration can be measured in murine breast tumor
models by in vivo 1H MRSI (10).

The inhibition of LDH-Ahas an antiproliferative effect on
primary breast tumors (5). However, there have been no
studies investigating the effect of LDH-A inhibition on the
development and progression of metastases, or to evaluate
methods to noninvasively monitor LDH-A inhibition. We
focused on the role of lactate and LDH-A in the develop-
ment of metastases, as the cause of death in breast cancer
is almost always due to metastases. We hypothesized that
there is a relationship between LDH-A expression, tumor
lactate concentration, and the growth andmetastatic poten-
tial of murine breast tumor models. We use short hairpin
RNA (shRNA) knockdown (KD) technology to inhibit
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LDH-A expression, and to study the effects of LDH-A inhi-
bition on tumor cell metabolism, growth, and the devel-
opment ofmetastases.We address several newquestions: (i)
will shRNA-mediated reduction of LDH-A expression in
4T1 breast cancer cells alter orthotopic 4T1 tumor lactate
concentrations?; (ii) does shRNA-mediated reduction of
LDH-A expression in 4T1 breast cancer cells alter metabo-
lism and sensitivity to metabolic stress (reactive oxygen
species, ROS)?; (iii) does shRNA-mediated reduction of
LDH-A expression in 4T1 breast cancer cells alter the devel-
opment of metastases and tumor growth?; (iv) is there a
relationship between tumor LDH-A protein levels and
MRSI-measured tumor lactate concentration?

Materials and Methods
Cell culture

4T1 cells were derived from a spontaneous breast tumor
in a BALB/c mouse and were provided by Fred Miller
(Karmanos Cancer Institute, Detroit, MI; ref. 11). The cell
line was not authenticated by the authors as cell authenti-
cation testing can be conducted only on human cell lines.
LDH-A knockdown and NC (control) cells, derived from
4T1 murine breast cancer cells, were grown in standard
Dulbecco’s modified Eagle medium (DMEM) containing
10% fetal calf serum (FCS) supplemented with either 25 or
5 mmol/L glucose and 6 mmol/L L-glutamine, penicillin/
streptomycin, and 4 mg/L of puromycin.

Generation of LDH-A knockdown and control cell lines
4T1 cells were transfected with SureSilencing shRNA

plasmids (SABiosciences) to specifically knockdown expres-
sion of the mouse LDH-A gene. The vectors contained
shRNA under the control of the U1 promoter and included
a puromycin resistance gene. Stably transduced clones
(knockdown cell lines)were developed alongwith a control
(NC) cell line bearing a scrambled shRNA. LDH-A quanti-
tative real-time PCR (qRT-PCR) RNA and immunoblotting

protein assays confirmed successful transduction (see Sup-
plementary Methods).

In vitro assays
Cell proliferation and metabolic assays (glucose use,

glycolysis, LDH activity, lactate production, oxygen con-
sumption rate (OCR), oxidative phosphorylation, ROS,
cellular mitochondria) and cell migration and invasion
assays were conducted (see Supplementary Data).

Experimental animal model
Cells were orthotopically implanted as described previ-

ously (10). Primary tumor volume was determined by
caliper measurements and tumor-doubling times were cal-
culated from the tumor volume versus time profiles (12).

In vivo lactate detection
MRSI experiments were carried out on a 7T Bruker Bios-

pec Spectrometer. The lactate signal was acquired using a
SEL-MQC editing sequence in combination with chemical
shift imaging (CSI; refs. 9, 10, 13) as detailed in the
Supplementary Data.

Magnetic resonance images
Lung metastases were imaged using the Bruker gradient

echo fast imaging (GEFI) sequence with TR ¼ 300 milli-
seconds, TE¼ 2.5milliseconds,NA¼ 4, andmatrix¼ 512�
256. Gated respiration was used to reduce respiratory
artifacts.

Analysis of breast cancer microarray datasets
A compendium of four breast cancer microarray datasets

was analyzed using the Bioconductor set of tools (www.
bioconductor.org) in R statistical language (www.r-project.
org). Data were downloaded from Gene Expression Omni-
bus (GEO). The four breast cancer datasets that were ana-
lyzed included: (i) MSKCC-82 GSE-2603 (14), (ii) EMC-
286 GSE-2034 (15), (iii) ECM 192 GSE12276: 204 samples
(16), and (iv) EMC-344 [EMC 286 and 58 cases of estrogen
receptor–negative (ER�) tumors, GSE 5327; ref. 17]. Data
were normalized using the standard gcrma procedure (18).
Survival analysis was conducted using R package survival.
Details are provided in Supplementary Methods.

Statistical analysis
Results are presented as mean � SD. Statistical signifi-

cance was determined by a two-tailed Student t test. A P
value of less than 0.05 was considered significant.

Results
Selection/characterization of KD9 and NC 4T1 cells

To assess the link between LDH-A expression and the
metabolic and metastatic characteristics of an established
murine breast cancer model, we transfected 4T1 breast
tumor cells with four different SureSilencing shRNAs plas-
mids specifically targeting mouse LDH-A mRNA (knock-
down), and a nonspecific scrambled shRNA (NC), respec-
tively. Several knockdown clones with different levels of

Translational Relevance
Elevated lactate dehydrogenase A (LDH-A) expression

is characteristic of many aggressive tumors and is asso-
ciated with development of metastases. We show that
decreased lactate concentration alters tumor cell metab-
olism, delaysmetastases, and reduces tumor growth rate,
and that LDH-A breakthrough is associated with disease
progression. Our focus on tumor LDH-A and noninva-
sivemonitoring of LDH-A–targeted therapy using lactate
magnetic resonance spectroscopic imaging (MRSI),
where lactate concentration is a potential surrogate
marker for LDH-A expression, is novel and extends our
prior studies. We suggest that this imaging, treatment,
and monitoring strategy can be translated to the clinic,
where lactate MRSI can be used to identify and monitor
women at high risk of developingmetastatic disease, and
to monitor LDH-A–targeted drug treatment.

Rizwan et al.
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LDH-A protein expression were isolated for further experi-
ments. The shRNA knockdown efficiency was evaluated by
analyzing LDH-A mRNA expression using qRT-PCR and
protein expression by immunoblotting. Knockdown cells
have significantly lower levels of LDH-A mRNA (Fig. 1A)
and decreased LDH-A protein expression (Fig. 1B) com-
pared with NC cells. Clone #9 (KD9) transduced with
shRNA #2 had the lowest LDH-AmRNA and protein levels,
and an unchanged LDH-B level (Fig. 1A and B). Another
clone, KD317, was developed from cells bearing the plas-
mid with shRNA#3 (Fig. 1E).
To validate the correlation between LDH-A expression

levels and functional activity of the LDH enzyme complex,
we conducted an enzymatic assay on viable KD9 and NC
tumor cells in growth medium containing 25 or 5 mmol/L
glucose. KD9 cells have 3-fold lower LDH activity than NC
cells when cultured in 25 mmol/L glucose-containing
media and more than a 4-fold difference in 5 mmol/L
glucose (P < 0.01; Fig. 1C). KD9 cells also produce signif-
icantly less lactate (P < 0.01; Fig 1D) than NC cells. We also
found that LDH-A expression (Western blot analysis)
remains high in the control group (NC) and low in the
knockdown group (KD9 and KD317) in both high-glucose
and low-glucose culture medium (Fig. 1E and F).

Metabolic properties of KD9 and NC cells
Glucose usage was significantly less in KD9 cells com-

pared with NC cells, growing in either 25 or 5 mmol/L

glucose-containing medium (P < 0.01; Fig. 2A). We used a
Seahorse Bioscience XF96 Extracellular Flux Analyzer to
measure the extracellular acidification rate (ECAR) and the
OCRof these cells.Weobtained abaselinemeasure of ECAR
using basic glucose-free XF assay medium, then added
glucose to assess glycolysis, and then inhibited the process
by adding 2-deoxyglucose (2-DG) to the incubation medi-
um. The injection of glucose (final concentration of 25
mmol/L) caused a significant increase in ECAR in both cell
lines, with a higher increase inNC cells comparedwith KD9
cells (Fig. 2B). The subsequent injection of 2-DG (final
concentration of 50 mmol/L) decreased ECAR to basal
levels. The effects of these treatments are reflected in the
integrated areas under the profile measurements (Fig. 2C);
the differences between KD9 and NC cells were significant
(P < 0.01) for cells growing under 25 mmol/L of glucose; a
similar trend was noted for cells growing in 5 mmol/L
glucose, but the difference was not significant (P ¼
0.147). These results showed a lower glycolytic rate for KD9
cells compared withNC cells (Fig. 2B andC) growing under
a high concentration of glucose, and a corresponding lower
rate of acidification of the incubation medium over 48
hours (Fig. 2D).

Oxygen consumption is an indicator of mitochondrial
respiration. A Seahorse Bioscience XF96 Analyzer was used
to measure the real-time OCR (pmol/min) in serum-free
DMEM with 25 and 5 mmol/L glucose and 6 mmol/L
of glutamine (Fig. 2E and F). FCCP (carbonyl cyanide
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p-trifluoromethoxyphenylhydrazone)was added touncou-
ple oxidative phosphorylation from the electron transport
chain to measure the maximum respiratory capacity (19).
The respiratory rate (OCR) of KD9 cells was significantly
higher (2- and 1.5-fold) than that of NC cells cultured in 25
and 5 mmol/L glucose, respectively (P < 0.01). OCR
increased by a similar level for KD9 andNC cells after FCCP
was added (Fig. 2F). Similar results were obtained in sep-
arate experiments using trypsinized cells growing in the
media with 25 mmol/L of glucose using an Oxylite fiber
optic probe; KD9 cells had a 60% higher OCR (P < 0.01)
than NC cells (Supplementary Fig. S1A).

The high basal level of OCR is consistent with the 40%
higher ATP levels observed in KD9 cells compared with NC
cells (P < 0.01; Fig. 2G), and suggests that ATP production
in KD9 cells may be associated with greater proton leak
and ROS production than in NC cells. However, this trend
occurs only in cells growing in 25mmol/L glucose. The ATP
level was notably higher inNC cells cultured in 5mmol/L of
glucose (compared with 25 mmol/L glucose), whereas the
difference in ATP levels for KD9 cells growing under 25 and

5 mmol/L of glucose was not significant (Fig. 2G). These
differences in ATP levels between NC and KD9 cells at
25 mmol/L glucose can be explained by the higher mito-
chondrial oxidative phosphorylation of KD9 cells in high
glucose-containing media. It is interesting to note the
higher OCR and ATP results in NC cells growing in 5
mmol/L glucose compared with 25 mmol/L glucose media
(Fig. 2F and G). These data support the concept that some
cancer cells, which use aerobic glycolysis, can also switch
fromglycolysis tooxidativephosphorylationunder glucose-
limiting conditions (20). This plasticity reflects the interplay
between glycolysis and oxidative phosphorylation and the
ability to adapt metabolism and energy production to
changes in the microenvironment, and to adapt to differ-
ences in tumor energy needs or biosynthetic activity (21).

We measured mitochondrial ROS in cells growing under
25 mmol/L of glucose (Supplementary Fig. S1B). Intracel-
lular ROS was significantly higher in KD9 cells compared
with NC cells (P < 0.01), consistent with prior findings (4).
However, the level of mitochondrial mass was similar
in these two cell lines (Supplementary Fig. S1C). These
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findings are consistent with a higher proton leak and
consequent increase in ROS formation in the LDH-A knock-
down cells. These results show that LDH-A shRNA knock-
down in 4T1 cells leads to an increase in TCA activity and
mitochondrial respiration (in KD9 cells compared with NC
cells), by switching from aerobic glycolysis (NC cells) to
enhanced mitochondrial respiration. However, these cell-
response properties are more evident when cells are grown
under high concentrations of glucose, and this may reflect
their "addiction" to high glucose levels.
In summary, the magnitude of glucose consumption,

ECAR and pH changes (Fig. 2A–D) indicate higher aerobic
glycolysis in NC compared with KD9 cells under high
concentrations of glucose. In contrast, O2 consumption
(Fig. 2E and F and Supplementary Fig. S1A) and ROS
(Supplementary Fig. S1B) were greater for KD9 than NC
cells, and O2 consumption was higher at 5 mmol/L glucose
than at 25mmol/L glucose for both cell lines (Fig. 2E and F).
We also studied the effect of excluding either glucose or

glutamine from the incubation medium on the two major
energy producing pathways of the cell–mitochondrial res-
piration and glycolysis–using the XF96 Extracellular Flux
Analyzer. ECAR in basic glucose-free XF assay medium was

low in both cell lines (Figs. 2B and 3A). ECAR (reflecting
glycolysis)markedly increased on the addition of 25mmol/
L glucose alone, whereas there was little or no change in
glycolysis following the addition of 6 mmol/L glutamine
alone (Fig. 3A and C). We intentionally used 25mmol/L of
glucose to saturate the glycolytic pathway and measure the
maximal upregulation of ECAR. In contrast, OCR increased
markedly in both cell lines following the addition of 6
mmol/L glutamine alone, whereas a smaller increase in
OCR was observed following the addition of 25 mmol/L
glucose alone (Fig. 3B and D). The ECAR and OCR
responses of KD9 and NC cells to the addition of glucose
and glutamine indicate that glucose metabolism (not glu-
tamine metabolism) is the primary source of extracellular
acidification and aerobic glycolysis in both cell lines and
that glutamine metabolism is the significant source of
oxidative phosphorylation. The results also suggest that
inhibition of LDH-A in 4T1 breast cancer cells leads to
enhancedmitochondrial respiration through the glutamine
pathway, and is associated with an increase in mitochon-
drial activity (Supplementary Fig. S1A) and ROS (Supple-
mentary Fig. S1B), but not in mitochondrial number (Sup-
plementary Figs. S1C and S2).
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Growth profiles of KD9 and NC cells
The proliferation of KD9 and NC cells was studied in

DMEM medium with different D-glucose (0, 5, and 25
mmol/L) and L-glutamine (0 and 6 mmol/L) concentra-
tions. KD9 cells have a considerably slower growth rate
compared with NC cells (Fig. 3E and F; Table 1). The
doubling times were calculated and showed no differences
between cells growing under high (25mmol/L) and amore
physiologic concentration of glucose (5 mmol/L) in the
media (Table 1). The growth of the cells in 5 mmol/L
glucose are similar to their growth in 25 mmol/L glucose
medium for the first 48 hours, but slows after day 2,
compared with their growth in 25 mmol/L glucose (P <
0.01), as glucose is consumed from the medium. Both cell
lines have markedly reduced growth in the absence of
glucose or glutamine, and the effect was greater in KD9
cells (Fig. 3E and F).

Growth and metabolic profiles of KD9 and NC tumors
Downregulation of LDH-A expression leads to slower

growth, reduced glycolytic flux, and increased mitochon-
drial respiration in vitro. We asked whether enhanced mito-
chondrial respiration and dependence on glutamine could
affect in vivo tumor growth, lactate production, and the
potential for developing distant metastases. We injected
cells into the mammary fat pad and evaluated the effect of
LDH-A suppression on the tumorigenicity of the 4T1 breast
cancer cell clones.We compared the growth profiles of KD9,
KD5, and KD317 with NC and wild-type 4T1 tumors (Fig.
4A). By 2 weeks after injection, a significant tumor volume
differences had developed, and LDH-A knockdown KD9,
KD5, and KD317 tumors had significantly longer doubling
times compared with NC and 4T1 wild-type tumors (Table
2).However, therewas nodifference in the doubling timeof
tumors derived from cells cultured in 5 mmol/L compared
with 25 mmol/L glucose.

4T1 tumors are known to undergo necrosis at volumes
greater than approximately 100 mm3 (10), and necrosis
increases significantly as tumors grow beyond 200 to 300
mm3 (10). Therefore, we measured in vivo lactate levels
using MRSI (Fig. 4B and C) in tumors that were approxi-
mately 100mm3 in size, to avoid the complicating effects of
tumor necrosis. We found a significant reduction of lactate
in KD9, KD5, and KD317 tumors compared with NC and
4T1 wild-type tumors (Fig. 4C), and the mean lactate levels
measured in small (100mm3)KD9andNC tumors (n¼13)

were significantly different: 6.1� 1.5 and 9.6� 1.8mmol/L
(P < 0.01), respectively.

In some animals, tumors were removed and underwent
histologic examination. Tumor histology showed similar
features for both the KD9 and NC tumors at small volumes
(Supplementary Fig. S2). Hematoxylin and eosin (H&E)
stainingof smallNCandKD9 tumors showedonlyminimal
necrosis, predominantly in the tumor core. Hoechst perfu-
sion staining showed aheterogeneity of perfusion across the
tumor sections. LDH-A enzyme expression levels in small
(�100 mm3) KD9 tumors were compared with small NC
tumors by immunoblot analyses of whole tumor lysates.
Ten representative immunoblots (5 from each group) and
their band intensity ratios are shown in Fig. 4D and E. The
meanWestern blot analysis band intensity for LDH-A from
18mice, 9 from each group, showed that LDH-A expression
was approximately 4-fold lower in KD9 tumors compared
withNC tumors (P < 0.01; Fig. 4F).We also noted that there
was a linear relationship between tumor lactate concentra-
tion and the corresponding tumor LDH-A/b-actin protein
band ratio (R2 ¼ 0.64; P < 0.01; Fig. 4G), indicating the
potential of lactate MRS to monitor the expression of LDH-
A and the extent of LDH-A knockdown or inhibition.

Migration potential of KD9 and NC cells
Migration and invasiveness of tumor cells are important

aspects of metastasis formation. In transwell migration
assays at 25 and 5mmol/L glucose, fewer KD9 cells migrate
through the 8-mm pores of a transwell chamber compared
with NC cells (Fig. 5A). Invasion through a Matrigel envi-
ronment (3-mm thick) also showed a significantly smaller
number of invading KD9 cells compared with NC cells.
These differences weremore profound in 5mmol/L glucose
(P < 0.001; Fig. 5A), but were significant in both glucose
environments. In the in vitro scratch assay (Fig. 5B), KD9 cell
migration (wound closure) was significantly slower com-
pared with NC cell migration over 6 hours in both 25 and 5
mmol/L glucose (P < 0.01). In the absence of glucose or
glutamine,wound closurewas similar for both cell lines and
the reduction in closure was marked in the absence of
glutamine (Fig. 5B).

Metastatic potential of KD9 and NC tumors
We tested the effects of LDH-A knockdown on the devel-

opment of metastases by comparing orthotopic KD9 and
NC primary tumors. All animals bearing orthotopic NC
tumors developed lung metastases 1 to 3 weeks after tumor
inoculation, whereas no animals bearing orthotopic KD9
tumors developed visible metastases over the first 3 weeks.
This MRI observation was confirmed by India ink injection
and histology in one set (5 animals/group) of animals that
were sacrificed and examinedafter 21days of primary tumor
growth (Fig. 5C). Themean lungweight for animals bearing
primary KD9 tumors was 0.16 � 0.03 g, whereas the
corresponding lung weight of NC tumor-bearing animals
was 0.27 � 0.03 g (P < 0.01; Supplementary Fig. S3). In
another cohort of animals, MRI-identified lung metastases
and survival were monitored. A 2- to 3-week delay in the

Table 1. In vitro cell doubling time

Cell line doubling time, ha
Medium glucose
concentration KD9 NC 4T1 WT

5 mmol/L 19.6 � 0.5 15.3 � 0.3 14.7 � 0.3
25 mmol/L 20.5 � 0.6 15.4 � 0.3 14.5 � 0.2

aEstimated over 2 days following cell plating and media
change.
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development of lungmetastases and survival were observed
between KD9 and NC tumor-bearing mice (Fig. 5D).
The growth of primary NC and 4T1 tumors were signif-

icantly more rapid than that of primary KD9, KD5, and

KD317 tumors (Fig. 4A and Table 2). NC and KD9 cells
cultured for 2 weeks in DMEMwith 5mmol/L glucose were
also injected orthotopically into the mammary fat pad.
These tumor growth profiles and calculated tumor-dou-
bling times were similar to that obtained when the glucose
concentration in the culturemediumwas 25mmol/L (Table
2).

To control for the effect of differing tumor volumes and
growth rates, and to more closely simulate the clinical
situation where the primary tumor is removed, we studied
a separate group of animals (10 per group) and surgically
removed the primary mammary tumor (tumor volume,
�100 mm3). The NC tumor-resected animals began to die
4 weeks after tumor inoculation, whereas the KD9 tumor-
resected animals began to die 6 weeks after tumor inocu-
lation (Fig. 5E). A 2-week increase was observed in the
survival of the KD9 tumor-resected animals, comparedwith
NC tumor-resected animals (Fig. 5E). The mean survival
time for tumor-resected animals was 33.5 � 6 days for NC
and 44 � 7 days for the KD9 (P < 0.01).

Table 2. Tumor volume doubling time

Doubling time, da

Glucose concentrationb

Tumor cell line 25 mmol/L 5 mmol/L

KD9 3.9 � 0.5 3.5 � 0.2
KD5 3.6 � 0.3 —

KD317 3.4 � 0.4 —

NC 2.3 � 0.2 2.0 � 0.2
4T1 2.2 � 0.4 —

aEstimated over first 2 weeks following implantation.
bGlucose concentration in preimplantation culture medium.
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LDH-A expression in NC and KD9 tumors and
metastases

LDH-A protein (immunoblotting) levels in small (�100
mm3) KD9 tumors were approximately 4-fold less than in
comparable, small-size NC tumors (P < 0.01; Figs. 4D and F
and 5F). However, there was a reappearance of LDH-A
protein expression in KD9 tumors as they enlarged (from
�100 to 250–300 mm3), and LDH-A protein levels in the
larger KD9andNC tumorswere similar (Fig. 5F).Metastases
to lymph nodes and lungs, as well as recurrent tumor at the

primary site (KD9 and NC) had similar high expression of
LDH-A (Fig. 5F and G). Thus, the larger KD9 and NC
tumors, and metastatic nodules from both tumors, had
similar LDH-A protein expression levels.

Discussion
Tumors with high tissue lactate concentrations and high

LDH-A expression have been linked to poor prognosis (22–
25), andare associatedwith greatermetastatic potential (24,
25). Shifts in metabolism have been shown to have a
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significant impact on the tumormicroenvironment, disease
evolution, progression, and development of metastases
(1, 3–6, 26–28). In our analysis of 4 clinical datasets
(622 patients with breast cancer; refs. 14–17), we show
that patients with high levels of LDH-A expression have a
significantly higher probability (P < 10�16) of developing
metastases comparedwithwomenwith low levels of LDH-A
(Fig. 6).
We also focused on LDH-A, because it is a bridge between

several metabolic pathways, and because the product of
LDH-A activity (lactate) can be assessed noninvasively
and quantitatively usingMRSI. Although it has been shown
that the inhibition of LDH-A has an antiproliferative
effect on primary breast tumors (5), in human alveolar
adenocarcinoma A549 xenografts (29), and human hepa-
tocellular carcinoma HCCLM3 xenografts (30), there
have been no studies investigating the effect of LDH-A
inhibition on the development and growth of metastases.
This is an important clinical issue, as the cause of death
in patients with breast cancer is almost always due to
metastases.
The inhibition of LDH-A by a small-molecule inhibitor,

FX-11, reduces progression of human lymphoma P493
xenografts (4). The inhibition of pyruvate conversion to
lactate by oxamate (pyruvate analog) also resensitizes taxol-
resistant human MDA-MB-435 breast tumor xenografts
(31). The inhibition of LDH-A may enhance oxidative
stress, and is linked to tumor cell death (4, 5, 29, 30). We
previouslymeasured greater amounts of LDH-Aprotein and
lactate production in 4T1 cells and tumors (metastatic
phenotype) comparedwith isogenic 67NR cells and tumors
(nonmetastatic phenotype; ref. 10).We selected themurine
4T1 breast cancer metastatic model to test whether LDH-A

silencing, using shRNA-knockdown technology, has a sig-
nificant effect on the development of metastases, as well as
on cell/tumor metabolism and cell/tumor growth, and can
we measure these changes noninvasively by MRSI using
lactate as a surrogate marker of LDH-A.

We show a close association between LDH-A gene and
protein expression, LDH enzyme activity, cell proliferation,
and transwell migration assays between KD9 and NC cells.
In vitro experiments also show a reduction in the rate of
glucose usage and glycolysis (ECAR), and a compensatory
increase in OCR, maximum respiratory capacity, ROS, and
cellular ATP levels (reflecting increased oxidative phosphor-
ylation) following stable LDH-A shRNA knockdown in 4T1
cells. Glucose and glutamine dependence studies were also
conducted, and they showed that glucose metabolism (not
glutamine metabolism) is the primary source of extracellu-
lar acidification and aerobic glycolysis. Glutamine is essen-
tial for cell proliferation andwound-healing (scratch) assay,
andmayhave a significant impact onmitochondrial activity
of LDH-A knockdown cells.

4T1 cells and variants reported here (NC, KD9, etc.) were
grown in DMEM with high and normal concentrations of
glucose (25 and 5 mmol/L, respectively) and glutamine (6
mmol/L). Many tumor cell lines are routinely cultured in
media containing high amounts of glucose and glutamine
(32–34), ensuring the survival of most cells over longer
periods of cell culture, without the need tomonitor glucose
or glutamine concentration. However, most healthy, non-
diabetic adults maintain fasting glucose levels at about 5
mmol/L and glutamine levels at 1 mmol/L (35–38), con-
siderably less than that in most cell culture media. There-
fore, we conducted comparison studies of cells growing in
25 and 5 mmol/L glucose, as it is known that "hyperglyce-
mic" conditions may lead to changes in cellular functions,
such as carbohydrate and fatty acid metabolism, prolifer-
ation, and cell motility (39). In addition, glucose concen-
trations in tumors can vary considerably in different tumor
regions during tumor progression, and can be significantly
lower than that in normal tissues (40). Thus, the tumor
microenvironment can be variable and characterized as
being "glucose starved" to "glucose addicted" in compari-
son with other tissues, reflecting an imbalance between
poor supply and high consumption rate. Despite the differ-
ences in glucose and glutamine concentrations between our
in vitro and in vivo experiments, we found no significant
differences in the tumor growth andmetastatic ability when
we used cells that had been adapted to 5 mmol/L glucose
over 2weeks. These 5mmol/L glucose-adaptedNCandKD9
cells had similar in vitro and in vivo growth (doubling times)
and similar metastatic patterns compared with cells grown
in 25 mmol/L glucose.

A close relationship between LDH-A gene and protein
expression, tissue lactate levels, and tumor metastatic
potential was shown. Significant in vivo biologic effects of
LDH-A silencing were shown, which included, decreased
lactate production in vivo, the slowing of tumor growth and
a reduction and delay in the development of metastases
of several knockdown clones (KD9, KD5, and KD317).
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Figure 6. Metastatic-free breast cancer survival: LDH-A gene expression.
Kaplan–Meier estimators for metastasis-free survival from a
compendiumof four breast cancer patient datasets (14–17). Survival data
were separated into low-medium and high groups according to the
expression level of LDHA: 2 of 3 of data points are in the low group
(dashed line) and 1 of 3 are in the high group (solid line). Patients with high
levels of LDH-A expression have a significantly higher (P < 10�16)
probability of developing metastases compared with women with low
levels of LDH-A.
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Therefore, we explored the evolution of LDH-A protein
expression in primary orthotopic KD9 and NC tumors, and
conducted immunoblots on enlarging tumors (from �100
to 250–300 mm3), and on metastases in the same animals.
Most notable were the similar high LDH-A protein levels
that were measured in the larger primary KD9 and NC
tumors, and in the metastatic lesions as well. These data,
along with our previous studies (10), suggest that small
(�100 mm3) wild-type 4T1 and NC tumors (with high
LDH-A expression and high lactate levels) are already seed-
ing metastatic cells into the circulation. Nevertheless, small
KD9 tumors (with lower LDH-A expression and only mod-
erate lactate levels) are capable of formingmetastases, but at
a delayed rate.

The eventual appearance of delayedmetastases in knock-
down tumor-bearing mice may be explained in several
ways, including the fact that LDH-A silencing was incom-
plete. We have seen reexpression of LDH-A protein in
knockdown cells, when cells were cultured without antibi-
otic selection (Supplementary Fig. S4). We show an out-
growth of non-LDH-A–silenced KD9 cells in enlarging
primary KD9 tumors (250–300 mm3) that lead to higher
lactate levels, and the presence of high LDH-A protein levels
in distant KD9 metastases, similar to that measured in
distant NC metastases.

Reappearance of LDH-A in vivo could also explain the
moderate levels of lactate in small (100mm3) primary KD9
tumors, resulting in failure to more effectively suppress
tumor growth and development ofmetastases. Other expla-
nations for the growth andmetastatic profile of KD9 tumors
include the fact that the KD9 cells use oxidativemetabolism
more than NC or wild-type 4T1 cells to produce metabolic
intermediates, and they are less dependent on glycolysis
(greater use of the TCA cycle and oxidative phosphoryla-
tion). In addition, enhancedmitochondrial oxidative activ-
ity and elevated ROS can induce a more aggressive tumor
phenotype through hypoxia-inducible factor 1 (HIF-1;
refs. 41, 42), as well as increased oxidative stress and cell
death (41).

Other possible factors include the use of other meta-
bolic fuels, such as glutamine, which could feed in
through the TCA cycle and provide metabolic intermedi-
ates (43). Stromal tissue surrounding the tumor cells can
also play an important role in tumor progression and
metastasis (44). This mechanism could account for KD9
tumor growth and metastases, where the production of
either lactate or pyruvate by the tumor stroma could be
used to "feed" the malignant tumor cells and to alter the
microenvironment (45). The production of lactate by
tumor stromal cells (requiring LDH-A) would not be
affected by LDH-A silencing in tumor KD9 cells, as the
stromal cells originate from the host animal. Thus, several
possible explanations exist that could account for the
modest and increasing levels of LDH-A expression and
lactate concentration in small and larger KD9 tumors.
Such changes would be consistent with the slower growth
profile of primary orthotopic KD9 breast tumors and their
delayed ability to form metastases.

Imaging paradigms developed in this study can be trans-
lated to the clinic for selecting patients at high risk for
developing subsequent metastases and who need closer
surveillance, or patients appropriate for treatment with
metabolic inhibitors. The noninvasive monitoring of
LDH-A–targeted therapy using lactate MRSI is novel, even
though lactate 1H MRSI has been conducted in a limited
number of oncology studies previously (9, 10, 13, 46, 47).
In contrast to hyperpolarized 13C NMR studies, lactate 1H
MRSImeasurements donot require special instrumentation
and injection of hyperpolarizedmolecules. Pulse sequences
for lactate detection have been implemented on clinical
scanners (46–49). Therefore, the barrier to translation is
modest and these studies can be implemented with cur-
rently available technology. These preclinical studies sup-
port the wider clinical application of lactate 1H MRSI,
including the identification andmonitoring ofwomenwith
breast cancer who are at high risk of developing metastatic
disease, and to specifically monitor LDH-A–targeted drug
treatment.

Conclusions
Because elevated LDH-A is a component of many aggres-

sive tumors (4–6, 22, 28), it is a potential drug target for
cancer therapy (4, 31). Our results show for the first time
that LDH-A inhibition reduces and delays the development
of metastases, effects tumor cell metabolism, and confirms
the reduction of primary tumor growth in an established
murine model of breast cancer (4T1). Our LDH-A shRNA
silencing experiments show a strong association between
LDH-A gene and protein expression, tumor lactate levels,
and development ofmetastases. LDH-A–targeted drug ther-
apy may avoid the loss of shRNA-based LDH-A silencing,
that we observed, and it will also affect both tumor and
stromal components.

These results suggest that LDH-A drug-targeted therapy is
likely to be effective in aggressive breast cancer, and that
lactateMRSI could serve as a surrogate formeasuring LDH-A
expression and target inhibition in the development of
LDH-A–targeted therapies. Inhibition of LDH-A in patients
is expected to be tolerable and associated with low toxicity.
LDH-A deficiency is a rare, but well-characterized human
disease that can lead to exercise intolerance, cramps, myo-
globinuria, but is not associated with severe dysfunction of
major organs (50, 51).
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